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Mechanisms of sexually dimorphic development in the nervous system of 




 The advent of sexual reproduction in early evolutionary history had profound 
effects on the evolution of animals. In most sexually reproducing species, males and 
females have distinct morphological and behavioral differences that are shaped by the 
evolutionary imperatives of each sex. Underlying the behavioral differences between 
males and females are distinct and measurable dimorphisms in the nervous system. 
These dimorphisms can arise in the form of connectivity, neurotransmitter usage, gene 
expression or combinations of all three. The androdioecious nematode Caenorhabditis 
elegans, with its stereotyped development and simple nervous system, offers a 
remarkably powerful system for studying the conserved mechanisms of sex 
determination that shape neural development. In this thesis, I present my work on the 
characterization of several genes that regulate the development of sexual dimorphisms 
in the nervous system. The first part of the thesis concerns the characterization of the 
gene ham-3, which codes for a subunit of the C. elegans ortholog of the SWI/SNF 
chromatin remodeling complex. ham-3 is required for the proper terminal differentiation 
of the HSN, a serotonergic neuron of the sex-specific nervous system, which it 
manages by regulating the expression of transcription factors required for crucial steps
 of migration, axon guidance and serotonergic fate adoption. The second part of the 
thesis concerns the investigation of sexually dimorphic pruning mechanisms. I show that 
unc-6/Netrin is subject to direct transcriptional repression in hermaphrodites by tra-1, 
the master transcriptional regulator of sexual fate determination in C. elegans. This 
regulation is required for the proper timing of the sexually dimorphic pruning of 
synapses in the tail region in hermaprhodites. In males, where unc-6 is not repressed by 
tra-1, unc-6 expression perdures into adulthood and the synapse is maintained. 
Together, these data provide insight into the ways in which conserved genetic and 
developmental mechanisms manage the generation differentiation, connectivity, and 
maintenance of sexually dimorphic nervous systems. 
 i 
LIST OF FIGURES AND TABLES…………………………………………………………...iv 
ACKNOWLEDGEMENTS ............................................................................................... vi 
PREFACE ...................................................................................................................... vii 
CHAPTER 1: INTRODUCTION .......................................................................................1 
NEURAL DIVERSITY & EVOLUTION ..........................................................................1 
GENETIC REGULATION OF NEURAL IDENTITY AND DEVELOPMENT..................2 
TRANSCRIPTIONAL REGULATION OF NEURONAL FATE.......................................3 
CHROMATIN REMODELING AND NEURAL DEVELOPMENT...................................8 
SEXUAL SPECIFICATION OF THE NERVOUS SYSTEM ........................................10 
Sexual dimorphisms in the animal world.................................................................10 




MOLECULAR MECHANISMS OF SEXUALLY DIMORPHIC DEVELOPMENT.........24 
Drosophila ...............................................................................................................24 
C. Elegans...............................................................................................................26 
Sex-specific nervous system specification in C. elegans ...........................................27 
Hermaphrodite ........................................................................................................27 
Male-specific nervous system .................................................................................31 
Shared nervous system ..........................................................................................34 
PART 2: AXON GUIDANCE AND SYNAPTIC PARTNER RECOGNITION...............39 
AXON GUIDANCE CUES .......................................................................................39 
 ii 
NETRIN SYSTEM – LONG RANGE GUIDANCE ...................................................40 
NETRIN SYSTEM – TARGET SELECTION AND SYNAPTOGENESIS ................42 
REFERENCES ...........................................................................................................45 
CHAPTER 2: The SWI/SNF Chromatin Remodeling Complex Selectively Affects 
Multiple Aspects of Serotonergic Neuron Differentiation ........................................59 
SUMMARY..................................................................................................................59 
CHAPTER 3: Sexually dimorphic unc-6/Netrin expression controls dimorphic 





FIGURE LEGENDS ....................................................................................................83 
References .................................................................................................................85 
ONLINE METHODS....................................................................................................92 
Transgenic Strains ..................................................................................................92 
CHAPTER 4: DISCUSSION AND CONCLUSIONS ....................................................100 
HSN Maturation ........................................................................................................101 
PHB>AVG SYNAPSE DYNAMICS...........................................................................102 
Pruning vs. maintenance.......................................................................................102 
Local and selective effects of UNC-6 at the PHB>AVG synapse..........................104 
REGULATION OF unc-6 EXPRESSION IN THE AVG.............................................105 
tra-1 and conservation ..........................................................................................105 
 iii 

























LIST OF FIGURES AND TABLES 
CHAPTER 1: INTRODUCTION 
Figure 1: Bower of satin bowerbird Ptilnorhynchus violaceus……………………12 
Figure 2: Anglerfish Haplophryne mollis female with male attached…………….13 
Figure 3: Schematic representation of HSN development………………………..28 
Figure 4: Genetic pathway of HSN development…………………………………..31 
Figure 5: Schematic representation of sexually dimorphic synaptic pruning……38 
CHAPTER 2: The SWI/SNF Chromatin Remodeling Complex Selectively Affects 
Multiple Aspects of Serotonergic Neuron Differentiation 
 
Table 1: Role of genetic regulatory factors in HSN development………………...62 
 
Figure 1: ham-3 effects on serotonin pathway...…………………………………...63 
 
Figure 2: HSN migration and axon pathfinding defects in ham-3………………...64 
 
Figure 3: The C. elegans genome encodes two BAF60 orthologs……………….65 
 
Figure 4: ham-3 affects HSN transcription factors…………………………………66 
 




CHAPTER 3: Sexually dimorphic unc-6/Netrin expression controls dimorphic 
maintenance of synaptic connectivity 
 
Figure 1: UNC-6/Netrin and UNC-40/DCC are required for maintenance………87 
 
Figure 2: Dimorphic transcription of unc-6 in AVG neuron………………………..88 
 
Figure 3: unc-6 is sufficient for synaptic maintenance…………………………….89  
 
Figure 4: TRA-1 controls dimorphic unc-6 expression…………………………….90  
 
Figure S1: Reporter constructs………………………………………………………91  
 
 v 







 This thesis, and the investigations it describes, represents work that would not 
have been possible without help and support from a great many people that I have had 
the good fortune of meeting during my graduate career. First, and most obviously, I 
would like to thank my mentor Oliver Hobert for his guidance during the course of my 
dissertation work, but also for creating a highly collaborative, entertaining and 
productive environment in which to do science.  
 I would also like to thank Nuria Flames, my initial mentor in the Hobert lab, who 
helped guide me through my anxiety-filled first rotation in graduate school. Thanks are 
also due to the rest of the members of the Hobert lab, past and present, without whose 
advice, comments and friendship I would have been completely lost most of the time. 
Thanks especially to Kelly Howell, Dylan Rahe, Tulsi Patel and Emily Bayer (in no 
particular order) for nerding out, hanging out and sharing their passion for science 
and/or space and/or Game of Thrones and/or football with me.  
 The dimorphic synaptic maintenance project described in the second half of this 
thesis would not have been possible without the enormous amount of work that Meital 
Oren-Suissa did to establish this project in the Hobert lab, and I owe her special thanks 
for blazing the path that I followed.  
 Finally, thanks to my friends and family, especially my wife Leah Chernikoff, whose 
patience, love and support during my time in graduate school have known no bounds. I truly 




The human brain represents a pinnacle of recent biological evolution, having 
attained a level of complexity and power that appears unparalleled on planet Earth. 
Speaking strictly in terms of physical characteristics, the human brain outclasses that of 
nearly every other animal on the planet. At 1200 mL average volume, our brains are 
more than twice as large as those of our nearest evolutionary neighbor, the 
chimpanzee, and with an average of 86 billion neurons capable of forming 100 trillion 
synapses (Azevedo, 2009), the human brain again far outclasses most other animals on 
the planet (Herculano-Houzel, 2012). Impressive as these numbers may be, what 
makes the human brain so remarkable is generally measured on a more qualitative 
scale: our brains have allowed for achievements in culture, science and technology that 
are without equal in our corner of the universe. More fundamentally, the complexity and 
power of the human brain has endowed Homo sapiens with a level of consciousness 
that, as far as is currently testable, lies far above that of any other extant species.  
 Remarkably, the very characteristics that distinguish the brain of H. sapiens from 
those of other species have evolved relatively quickly, evolutionarily speaking. When 
early hominid species and chimpanzees diverged from a common ancestor ~7-8 million 
years ago, brain volumes were probably roughly equivalent between the species. By 2.5 
million years ago, early hominid ancestors had achieved a total brain volume of roughly 
half the size of modern H. sapiens.  (Hill and Walsh, 2005) 1.8 million years ago, Homo 
erectus, the first hominid species to display modern-seeming human morphological 
characteristics, had an average brain volume of ~600 mL, equivalent in size to the 
brains of modern gorillas (Coqueugniot et al 2004). By 500,000 years ago, average 
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brain volume had increased to over 1000 mL, finally reaching modern size in the earliest 
H. sapiens fossils from ~200,000 years ago. (Carroll, 2003)  In other words, hominids 
seem to have transitioned from intelligent but essentially apelike animals into 
technologically capable, conscious humans in the span of approximately1.3 million 
years.  
 An enduring mystery of human brain evolution, and primate brain evolution in 
general, concerns the fact that primate brains are so much bigger and more capable 
than their ecological niche would seem to demand (Dunbar and Shultz, 2007; Jerrison, 
1970). In fact, large brains are incredibly energetically expensive to maintain, making 
brain growth a theoretically unfavorable evolutionary adaptation. In an attempt to 
explain this “overgrowth” of the primate brain, several investigators have proposed that 
the highly developed brains of intelligent species have arisen as the result of sexual 
selection, a primary driver of evolution for many seemingly costly and unnecessary 
phenotypic traits (Dunbar and Shultz, 2007; Miller, 2000; Crow, 1993). While the role 
sexual selection has played in the evolution of human brains continues to be debated, it 
is not disputed that sexual selection and sexual reproduction have had measurable, and 
in some cases profound, effects on aspects of the nervous system: the “subniches” that 
males and females inhabit within their species, and their behavioral requirements, have 
imposed different requirements on the structure and development of male and female 
nervous systems  (Cahill, 2006).  
 The work described here is intended to interrogate the roles that sexual selection 
and the evolution of sexual dimorphism have played in shaping modern nervous 
systems. Using the model organism Caenorhabditis elegans, I have investigated the 
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development of components of both the sex-specific and sex-shared nervous systems. 
In my early work, described first, I uncovered a role for chromatin remodeling factors in 
the genetic pathways regulating the development and specialization of the 
hermaphrodite specific neuron (HSN), a serotonergic, sex-specific neuron in the egg-
laying circuit of C. elegans. The HSN was initially interesting to me as a model for the 
study of the establishment of serotonergic neural identity, but the range of HSN 
developmental phenotypes exhibited by nucleosome remodeler mutants led me to 
become interested in axon guidance and synapse formation. These interests led me, 
ultimately, to examine the role that sex-determination pathways play in the 
establishment of sex-specific neural circuits among members of the shared nervous 
system of C. elegans. 
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CHAPTER 1: INTRODUCTION 
  
NEURAL DIVERSITY & EVOLUTION 
 
 Despite the striking quantitative differences in size and neuron number between 
human brains and those of other animals, these gross anatomical differences are 
almost certainly not the whole story when it comes to explaining human intelligence. 
The evolution of the human brain involved diversification and specialization, not only at 
the cellular level but also at the whole-organ level. In terms of brain areas, the human 
brain has acquired multiple specializations, including areas devoted to language and 
lateralized motor control. (Hill and Walsh, 2005) Additionally, the neocortex, while not 
unique to humans, is a highly derived brain structure, and its high level of development 
in humans is believed to be responsible for much of what makes human cognition 
unique in the animal world (Rakic, 2009). 
 At the cellular level, the brains of highly intelligent animals also show increased 
neuronal diversity and specialization when compared to those of other species. In the 
primate lineage in particular, the spindle cells of the anterior cingulate cortex arose as a 
unique cell type and appear to play a crucial role in conveying information between 
areas of the brain involved in complex cognition (Allman et al, 2002). But primate brains 
are not only distinguished by the presence of unique neuronal cell types. The expansion 
of the neocortex in the primate lineage has been accompanied by a proliferation of 
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locally interconnected neurons in the upper layers, which may have significantly 
increased the computational power of these brain regions (Hill and Walsh, 2005).  
 These advances in brain structure and function are, of course, the product of 
evolution, but until relatively recently the mechanisms underlying these evolutionary 
trends were poorly understood. The recognition by the “evo devo” community that 
natural selection proceeds by the interplay of phenotype, genotype and developmental 
processes has significantly advanced our understanding of the evolution of the nervous 
system in the past decades and allowed investigators to extrapolate backwards in 
evolutionary time from studies performed in the nervous systems of extant organisms 
(Carroll, 2003). 
 
GENETIC REGULATION OF NEURAL IDENTITY AND DEVELOPMENT 
 
 As mentioned in the previous section, neurons represent a highly diverse class of 
cells, with multiple adaptations across the numerous metazoan lineages. In fact, there is 
considerable evidence that neurons are the most diverse cell type to be found in any 
organism (Bertrand, et al 2002). In general, neurons are identified and classified 
according to positional and morphological characteristics, and can be further subdivided 
by connectivity and gene expression profiles. These differences arise as the result of 
specific developmental characteristics, which are in turn regulated by the expression of 
specific genes. In other words, neuronal identity is computed as a product of the 
expression of groups of effector genes, controlled and regulated by the expression of 
neuron type- or subtype-specific transcription factors.   
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 Precisely how a given neuron is specified varies between neuronal lineages, 
species, and phyla, but general principles governing this process apply across highly 
divergent organisms. Transcriptionally, neurons can be thought to pass through several 
distinct stages in their development. First, neuronal identity must be established. Early 
neural specification can occur through the action of extrinsic factors, such as 
morphogens (Muñoz-Sanjuán and Hemmati-Brevanlou, 2002), but neural fate can also 
be established by the induction of proneural transcription factors (Bertrand et al, 2002). 
The establishment of neuronal fate during development triggers further transcriptional 
changes in the nascent cells, changing their gene expression profile to reflect their 
newly acquired neural identity. Specifically, this involves the expression of genes 
required of all neurons: genes required for synaptic transmission, charge propagation, 
and the outgrowth and guidance of projections (Hobert 2010). Next, subtype identity is 
established: motor neurons (for example) have different functional requirements than 
cortical interneurons, and their respective gene expression profiles reflect this 
difference. Finally, terminal features of the neuron are specified: neurotransmitter 
identity, synaptic partners and dendritic or axonal morphology may all be defined at this 
step by the action of transcription factors and their regulated effector genes. 
 
TRANSCRIPTIONAL REGULATION OF NEURONAL FATE 
 
 During development, neurons arise from the ectoderm, a uniform mass of 
multipotent tissue that gives rise to both the nervous system and the skin. The ability to 
form multiple tissue types requires the cells of the developing ectoderm to “choose” a 
specific fate, and this skin/neuron choice is achieved by the concerted action of 
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proneural genes and the cell-signaling molecules of the Notch family. Initially, whole 
patches of cells in the ectoderm begin to express proneural transcription factors, but 
ultimately only one cell in the patch develops the ability to produce neurons. This 
specificity arises through the process of lateral inhibition: the expression of proneural 
transcription factors induces the expression of Notch ligands in the eventual neural 
progenitor cell, which bind to Notch receptors on the surface of neighboring cells and 
stop them from adopting a neuronal fate. (Bertrand, et al 2002, Campuzano & Modolell, 
1992) 
 The neural progenitor produced by this process of lateral inhibition can then give 
rise to multiple neuronal types, with neuronal subtype fate being established by distinct 
patterns of transcription factor expression. One well-studied example of this process 
can be found in the vertebrate spinal cord. In the developing spinal cord, neuronal fate 
is initially specified by the localized expression of the morphogens BMP and Sonic 
hedgehog (Shh). These inductive cues are secreted from cells along the dorsal and 
ventral surfaces of the spinal cord, respectively, and form concentration gradients along 
the dorsoventral axis. Under the influence of these morphogen gradients, neural 
progenitor cells begin to express specific combinations of homeodomain and bHLH 
transcription factors according to their position in the concentration gradient. These TF 
combinations allow distinct neural progenitor zones to form in the developing spinal 
cord, each capable of producing a different type of inter- or motorneuron with distinct 
molecular identities and synaptic outputs (reviewed in Shirasaki and Pfaff, 2002).  
 After defining separate inter- and motorneuron progenitor pools, proneural TFs 
decline in expression and differentiated, postmitotic neurons begin to be produced. At 
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this stage, transcription factors responsible for establishing the terminal features of 
neurons go to work. Terminal features can allow us to distinguish between neurons 
within neuronal types, and the transcription factors that manage this process of 
specification are referred to as terminal selectors (Hobert, 2008).  
The terminal features of a neuron can include axon/dendrite morphology, 
neurotransmitter identity and synaptic connectivity, and each of these features is 
achieved through the selective expression of specific sets of genes. For example, in 
order for a neuron to produce and make use of the neurotransmitter dopamine, it 
requires the expression of a battery of several genes: genes coding for the biosynthetic 
pathway that produces the neurotransmitter, genes coding for the transporters 
necessary for packaging dopamine into vesicles, and genes coding for transporters that 
allow for reuptake of the transmitter from the synaptic cleft. This specific battery of 
genes has been found to be expressed in all dopaminergic neurons, even those 
separated by millions of years of evolution, and it turns out that they are transcriptionally 
regulated in a remarkably similar manner across diverse phyla: the cis-regulatory 
regions of all of these genes contain a conserved binding site for ETS-type transcription 
factors. In C. elegans, this site is bound by the ETS-domain transcription factor AST-1. 
Similarly, dopaminergic neurons in mouse attain their fate through the action of the ETS 
transcription factor Etv1/ER81 (Flames and Hobert, 2009). If either AST-1/Etv1/ER81 or 
its binding sites are removed, these neurons lose or never attain their dopaminergic 
identity, implicating ast-1 as the terminal selector of dopaminergic fate in C. elegans. 
Serotonergic neurons also require a specific battery of genes in order to establish 
their identity and execute their proper functions in the organism. Interestingly, though, 
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both serotonergic and dopaminergic neurons use the same core components in their 
biosynthetic pathways, differing only in their starting material and the rate-limiting 
enzyme at the top of the pathway: where dopamine requires tyrosine as a starting 
material and uses the enzyme tyrosine hydroxylase (TH) to catalyze the initial steps of 
its biosynthesis pathway (Nagatsu 1964), serotonin production begins with the amino 
acid tryptophan and its rate-limiting enzyme is tryptophan hydroxylase (TPH) (Friedman 
et al, 1972). Despite these similarities, a full understanding of the transcriptional 
regulation of serotonergic neuron fate has not been as easy to develop. Studies of the 
developing mouse brain have demonstrated that the ETS-domain transcription factor 
Pet-1 is expressed early in the development of serotonergic neurons and is able to bind 
to specific sites in 5HT pathway genes, but direct regulation in vivo remains to be 
demonstrated (Hendricks, et al 1999).  
In contrast to the seeming simplicity of the regulatory mechanism involved in 
mice, studies in C. elegans have shown a diversity of regulatory schemes for the 
production of serotonergic neurons. Initial work on the establishment of serotonergic 
identity identified the POU homeodomain transcription factor unc-86 as a regulator of 
serotonergic identity in the NSM neurons. In unc-86 null mutants, NSMs no longer 
express tph-1 or the vesicular monoamine transporter cat-1, but still stain positive for 
serotonin using an anti-5HT antibody, indicating unc-86 is not the sole regulator of 
serotonergic fate in NSM (Sze et al 2002). Later work in Oliver Hobert’s lab showed that 
the LIM domain transcription factor ttx-3 cooperates with unc-86 in the NSM to establish 
multiple aspects of NSM terminal identity, including the regulation of the serotonin 
biosynthetic gene battery (Zhang et al, 2014). Despite the involvement of unc-86 in the 
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regulation of serotonergic fate in other neurons (Desai, 1988), however, it is not the only 
TF responsible for serotonergic fate selection: studies in the ADF, a thermosensory 
neuron in the head, have shown that the LIM domain factor lim-4 regulates the genes 
necessary for 5HT production and use in that neuron (Zheng et al, 2005).  
In the HSN, one of the best-studied serotonergic neurons of the nematode 
nervous system, the question of the serotonin terminal fate decision becomes even 
more complicated. unc-86 was identified in a screen for regulators of serotonin 
production in the HSN early on (Desai, 1988), but the same screen also identified 
mutations in the gene sem-4 that affected serotonin production. Later work confirmed 
that sem-4 codes for the C. elegans ortholog of the zinc finger transcription factor 
spalt/Sall and that it played a role in the transcriptional regulation of serotonergic fate 
(Basson and Horvitz, 1996). Other investigations revealed even more transcriptional 
regulators of serotonergic fate in the HSN, including zag-1, which codes for a Zn finger 
homeodomain TF that regulates the expression of tph-1 specifically in the HSN (Clark 
and Chiu, 2003), and ongoing work in the Flames lab seeks to define the exact 
relationship between the multitude of transcriptional regulators of 5HT fate in the HSN 
(Lloret Fernández et al, unpublished). A portion of the work described in this thesis was 
devoted to the elucidation of yet another layer of regulation in the HSN developmental 
program. My work on the role that chromatin remodelers play in the establishment of 
serotonergic terminal identity in the HSN is described in Chapter 2, and mechanism by 




CHROMATIN REMODELING AND NEURAL DEVELOPMENT 
 
 As differentiation proceeds, differentiated eukaryotic cell types begin to restrict 
access to their regulatory DNA by packaging unnecessary or little-transcribed genes 
into tightly packed chromatin, which limits the availability of naked DNA for transcription. 
The basic unit of chromatin is the nucleosome, a loop of DNA 147 bp in length wrapped 
tightly around a complex composed of 8 individual histone proteins. By repeating this 
structure continuously throughout the genome, a eukaryotic cell is able to condense 
long strands of fragile DNA into compact packages that can easily fit within its nucleus. 
This arrangement also has the effect of obscuring one face of the DNA loop, which 
restricts the ability of DNA-binding proteins to access or recognize the binding sites they 
favor, thereby limiting their ability to activate transcription of unwanted gene transcripts. 
Of course, storing its entire genome away in an inaccessible package isn’t particularly 
useful for a cell, so eukaryotes have also evolved a number of proteins capable of 
moving nucleosomes out of the way and restoring access to trans-acting factors in a 
controlled manner. (Cairns, 2007) 
 These proteins, generally referred to as “chromatin remodelers”, are a group of 
protein complexes comprising multiple families, including SWI/SNF, ISWI, NURD/Mi-
2/CHD, INO80 and SWR1. (Cairns, 2007) The genes involved in SWI/SNF, one of the 
best-known chromatin remodeling complexes, were originally identified in yeast by the 
effect of their loss on the processes of mating-type switching (the “SWI” genes) (Stern 
et al, 1984) and sucrose fermentation (the SNF, or “sucrose non-fermenting”, genes) 
(Neigeborn and Carlson, 1984). Subsequent work determined that these genes coded 
for proteins that operated as a multi-subunit complex (Peterson et al 1994), that they 
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were conserved in higher eukaryotes (Yoshinaga et al 1992), and that they worked to 
increase access to chromatin-packed DNA by physically moving nucleosomes, 
exposing DNA to trans-acting factors in the process. The mechanism by which the 
SWI/SNF complex effects a local restructuring of chromatin has since been determined 
as well: all chromatin-remodeling complexes are capable of “sliding” nucleosomes into a 
new position on the DNA strand in order to increase accessibility (Cairns, 2007), but 
SWI/SNF complexes appear to be unique in their ability to eject nucleosomes 
completely, which may increase the efficiency with which they provide access to naked 
DNA (Lorch, et al 2006). 
 More recently, several studies have elaborated a role for SWI/SNF complexes in 
crucial steps in neural development. Large-scale RNAi screens in Drosophila identified 
roles for multiple members of the SWI/SNF complex (referred to as the BAP or Brahma-
Associated Protein complex in Drosophila) in the routing and organization of da neuron 
dendrites (Parrish et al, 2006), and a similar screen in C. elegans identified ham-3, an 
ortholog of the vertebrate SWI/SNF subunit BAF60, as playing a role in axon guidance 
as well (Schmitz et al 2007). In vertebrates, loss of SWI/SNF subunits often results in 
embryonic lethality or early postnatal death, hampering studies of the role these 
proteins play in the establishment of terminal neural features. Nevertheless, multiple 
studies in vertebrates have identified roles for chromatin remodelers in neural 
proliferation and the transition from neural progenitor to postmitotic neuron (Yoo and 
Crabtree, 2009).  
 As mentioned previously, SWI/SNF complexes act at the biochemical level to 
increase access to nucleosome-bound DNA in inaccessible chromatin. Yet SWI/SNF 
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complexes lack DNA-binding domains, and should therefore have no ability to act in a 
directed and specific manner on their own, so some other factor must be directing these 
complexes to the specific nucleosomes with which they interact. In vertebrate neurons, 
this has been observed to be achieved through interaction with the proneural basic 
helix-loop-helix (bHLH) transcription factors: in 2007, Seo and colleagues demonstrated 
that the proneural effects of Ngn1, NeuroD and Myt1 were blocked when SWI/SNF 
function was disrupted in Xenopus embryos. They were also able to show that SWI/SNF 
subunits specifically interacted with Ngn1 and NeuroD, providing evidence for a general 
model where early-acting TFs recruit SWI/SNF complexes to regions of interest in order 
to increase DNA accessibility for later-acting TFs (Seo et al. 2004). 
 
SEXUAL SPECIFICATION OF THE NERVOUS SYSTEM 
 
Sexual dimorphisms in the animal world  
 
 The nervous system is also shaped by the particulars of sexual development. In 
dioecious (sexually reproducing) species, males and females can display a wide range 
of structural and behavioral dimorphisms. Some are minor and obvious, such as the to-
be-expected differences in gonad and sex organ morphologies, but the pressures of 
evolution and sexual selection have also resulted in extreme and, in some cases, 
downright strange sexual dimorphisms in species across the animal kingdom. Birds in 
particular offer a variety of well-known dimorphisms. The bright red of the cardinal’s 
plumage and the enormous, decorated tail feathers of the peacock are all the product of 
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evolution by sexual selection, and are believed to be ways of signaling the fitness of an 
individual male to potential mates in the wild.  
In terms of behavioral differences between the sexes, birds also offer a number 
of notable examples, with the satin bowerbird (Ptilonorhynchus violaceus) of the 
Australian Blue Mountains being one of the most fascinating. Male satin bowerbirds 
have not evolved to advertise their fitness as mates by their own physical appearance, 
and as a result they do not possess large or brightly colored plumage. Instead, they 
resort to architectural advertisement. Males build large, elegantly built structures, 
referred to as “bowers”, in forest clearings where they hope to attract passing females. 
In order to make their bowers (and, by extension, themselves) even more attractive, 
male satin bowerbirds will often gather shiny and brightly-colored objects from the 
surrounding forest, arranging them in neat piles outside their bowers (See Figure 1) 
(Borgia, 1995). The precise evolutionary origins of this behavior are still debated among 
ornithologists, but it goes without saying that this stark behavioral dimorphism is the 
result of underlying neurological dimorphisms between male and female bowerbirds.  
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Figure 1. An example of a decorated bower built by the satin bowerbird Ptilonorhynchus violaceus. 
 
Years of study of various fish species have also brought to light numerous sexual 
dimorphisms in the ~25,000 known species of fish. In fact, as a group, teleost fish 
species have independently evolved seemingly every method of sex determination and 
reproduction known to science (reviewed in Desjardins and Fernald, 2009), from 
chromosomal sex determination to temperature- and pH-dependent sex determination 
and from external broadcast spawning to parthogenic live birth. With this diversity of 
methods comes a diversity of morphological and behavioral differences between the 
sexes. One of the more extreme examples of sexual dimorphism in teleost fishes, and 
probably in animals in general, comes from the deep-sea anglerfish of the family 
ceratiidae. This group of fishes, which make their living more than 300 meters below the 
surface of the ocean, faces serious challenges when it comes to mate location. Due to 
the sheer volume of the water column in this zone of the ocean, the density of any given 
species is extremely low, which has forced the males of ceratioid anglerfishes to 
develop a number of modifications specifically aimed at increasing their chances of 
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mating success. Males of many species have pronounced modifications in olfactory 
detection and processing, for example, in order to increase their ability to find potential 
mates in the darkness of the deep ocean. In some cases, the dimorphism between 
males and females is so extreme that males become, essentially, an accessory to the 
female. Upon achieving sexual maturity, males of the species Ceratias holboelli spend 
all their energy in search of a mate. After finding a female, male C. holboelli attach 
themselves to the female’s body using specially adapted grasper teeth and begin a 
process of integration with the female’s body that eventually connects the two animals’ 
circulatory systems, providing the male with sustenance and the female with sperm to 
fertilize her eggs (See Figure 2). This system is commonly referred to as sexual 
parasitism, though the question of whether the male or the female is the one being 
parasitized is a matter of debate (Pietsch, 1976).  
 
Figure 2. An anglerfish of the species Haplophryne mollis with male attached (bottom). Adapted from Coyne, Why 




While the morphological and behavioral differences between males and females 
in our own species are not nearly as extreme as in other parts of the animal kingdom, 
there are measurable and experimentally validated differences between the brains of 
males and females in Homo sapiens. On a gross anatomical level, several structures in 
the brain demonstrate notable sexual dimorphisms: the cortical mantle, the 
hippocampus and the amygdala have all been shown to differ in size and functional 
output between males and females (Luders, 2005; Madeira, 1995; and Goldstein, 2001; 
respectively). On a finer scale, at the level of neurons, human brains have also shown 
dimorphisms in neurotransmitter production and response. Serotonergic neurons have 
been an area of particular interest, and multiple autopsy studies have demonstrated 
sexual differences in the serotonin system. In 1977, Robinson and colleagues assayed 
monoamine oxidase (MAO) activity in a large number of cadaver brains from both males 
and females and showed that MAO activity was significantly higher in female brains, 
indicating that rates of monoamine metabolism were higher in female brains (Robinson, 
1977). In a similar study of live volunteers using positron emission tomography, males 
were observed to synthesize serotonin at a significantly higher rate than females 
(Nishizawa et al, 1997), and cadaver studies of the Raphe nucleus, a major density of 
serotonergic neurons in the human brain, have shown that they differ in both number 
and composition of neurons between males and females (Codrero et al, 2001). The 
exact consequences of these dimorphisms are yet to be fully understood, but further 
study in both humans and model organisms may help to explain sexually dimorphic 
rates of psychiatric diseases, such as the significantly higher rates of major depression 
among women (Weissman and Olfson 1995). 
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Ultimately, all of these differences are a direct result of the evolutionary forces 
that have shaped each species throughout its biological history, and the genetic and 
developmental mechanisms behind sexual dimorphism are only beginning to be 
understood. Model organisms such as the mouse, the fruit fly and the nematode have 
proven particularly useful in dissecting the molecular mechanisms of sexual 
dimorphism, and the next sections will review the key work in that field.  
 
CHROMOSOMAL AND TRANSCRIPTIONAL SEX DETERMINATION 
 
 In broad terms, sex determination in the animal kingdom occurs through a 
combination of chromosomal, hormonal and transcriptional regulation, though the 
specifics of how these levels of regulation combine to produce sex in a given species 
can vary so widely that it was generally believed for some time that there was no 
significant conservation of sex determination mechanisms across phyla. However, the 
discovery of the broadly conserved Doublesex/mab-3 domain transcription factor family 
indicated that there is, in fact, a core group of conserved genes involved in establishing 
biological sex. Here I will review the sex determination pathways of some of the best-
studied species and thereafter the effect that components of sex determination 









In mammals, sex is initially determined by the combination of sex chromosomes 
that a cell receives at fertilization. A zygote with two X chromosomes will develop into a 
female, whereas a zygote with an X and a Y chromosome will develop into a male, but 
the introduction of a Y chromosome into an unfertilized egg is only the beginning of a 
multi-step process of sex determination. The Y chromosome in mammals contains the 
gene Sry, or sex-determining region of Y, so named because its expression 
masculinizes the gonads of the developing mammalian embryo. The development of 
testis (as opposed to ovaries) leads to the secretion of testosterone, which masculinizes 
the rest of the animal through hormonal action, and a male mouse is produced. As a 
result, mammalian sex determination is understood to be an essentially hormonal 
process, and multiple studies of mammalian sexual dimorphism have shown a strong 
influence of sex hormones on neural development and behavior (Wilson, 1999; Morris 
et al 2004).  
However, while there is substantial evidence that sex hormones guide major 
developmental events in the process of mammalian sex determination, there is also 
mounting evidence that the karyotype of an individual cell can influence its biological 
sex (reviewed in Arnold, 2004). In mouse, RT-PCR and microarray analyses have 
detected sexually dimorphic gene expression in the brains of developing embryos at 
10.5 days post coitus (dpc), just before the development of gonadal structures and 
therefore before any sex hormones are produced (Dewing et al, 2003). Similarly, in vitro 
studies of cultured rat neurons harvested from XX and XY animals before the surge of 
testosterone associated with masculinization found measurable differences in 
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monoaminergic neuronal development between male and female neuron cultures 
(Pilgrim and Reisert, 1992). Together, these data indicate that some degree of sexual 
dimorphism develops in neurons through cell-intrinsic processes, and RT-PCR and 
northern blot studies have shown expression of Y-linked genes in the mouse brain, 
providing further evidence that the presence of a Y chromosome masculinizes a cell in 
an additional, more direct manner than through the classical hormonal pathway (Xu et 
al, 2002).  
If the Y chromosome can directly influence the sex of individual neurons, how is 
this process regulated? One of the best-known transcription factors on the Y 
chromosome, the previously mentioned Sry, is expressed in the hypothalamus and 
midbrain of male mice. This is of particular interest because the hypothalamus and 
midbrain have been implicated in male-specific aggression behaviors (Lahr et al 1995). 
Furthermore, Sry expression has been demonstrated in dopaminergic regions of the 
male mouse brain, where it directly regulates expression of TH (Milsted et al, 2004; 
Dewing, et al 2006). But Sry is likely not the only regulator of cell autonomous sex, as 
studies of XY animals in which the Sry locus has been deleted from the Y chromosome 
still demonstrate measurable sexual dimorphisms in the nervous system, and XX 
animals in which the Sry locus has been added to an autosome develop as males but 
lack some of the masculine markers of XY animals without a functional Sry locus 
(Carruth et al. 2002). Additionally, considering only the Y chromosome and its effects on 
sex determination leaves out half the picture: the X chromosome has its own 
complement of sexually dimorphic genes, and the complexities of X inactivation and X-
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linked traits have also been shown to be a source of sexually dimorphic behavior and 
development (Isles et al. 2004). 
Rodents have proven to be a fruitful model for the study of sexual development in 
mammals, but the observation that sex is to some extent cell autonomous even in 
higher vertebrates shows that the differences between vertebrates and invertebrates in 
the regulation of sexual differentiation are not so great as was once assumed. As a 
result, the genetic tractability and fast generation times of Drosophila and C. elegans 
have made these two model organisms incredibly useful tools in the exploration of the 





 Like mammals, fruit flies possess two distinct sex chromosomes, also referred to 
as X and Y. Females arise from XX genotypes, and XY embryos produce male animals. 
However, unlike in the mammalian system, the masculinization of an embryo does not 
proceed as a result of a gene or other intrinsic property specific to the Y chromosome. 
Instead, sex is initially determined by the X:Autosome ratio such that the presence of 
two X chromosomes triggers the production of a feminine embryo, whereas the 
presence of a single X chromosome produces a male. More specifically, a high 
X:Autosome ratio has the consequence of activating functionally relevant transcription 
of Sex lethal (sxl) in XX animals, and sxl transcripts are then translated into an RNA-
binding protein (Robinett et al. 2010). At the same time, the sex determination gene 
Transformer (tra) begins to be transcribed. The early mRNAs of tra are transcribed non-
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sex-specifically, and contain a small first intron with a stop codon that ultimately 
prevents the translation of a functional protein (Boggs et al. 1987). In females, functional 
SXL protein processes the pre-mRNA of tra, removing the stop codon and allowing for 
the production of functional TRA protein (Robinett et al. 2010).  
 The presence of functional TRA protein in XX cells, in combination with the non-
dimorphically expressed TRA-2 protein, in turn affects the sex-specific splicing of 
Doublesex (dsx) pre-mRNA (Hoshijima et al. 1991). Doublesex was initially identified by 
its mutant phenotype, in which homozygotes are sterile, but have morphological 
characteristics of both sexes (Hildreth 1965). Seeking to explain this intersexuality, 
Bruce Baker undertook intensive genetic analysis of several genes believed to be 
involved in the sex determination pathway and observed that Doublesex has equal and 
opposite roles in the determination of male and female sex. That is, dsx gene products 
seemed to repress male developmental characteristics in females and had the converse 
role in males (Baker and Ridge 1980), indicating a mixed-sex default developmental 
state for Drosophila. Further characterization of dsx by Baker and others showed that 
the locus produces male- and female-specific transcripts (Baker and Wolfner, 1988) and 
that these transcripts are produced by sex-specific exon splicing (Burtis and Baker, 
1989). When considered together, these observations led to a model of Drosophila sex 
determination that occurs entirely cell autonomously, depending ultimately on which 
sex-specific transcript of a ubiquitously-expressed dsx locus was produced in a given 
cell. More recently, this model was revised in light of the observation that dsx is only 
expressed in a subset of cells, indicating that, while sex is still established cell 






 C. elegans is an androdioecious species, meaning that its two sexes, rather than 
being male and female, are male and hermaphrodite. Hermaphroditism in C. elegans 
appears to be a recently derived trait, as all other closely related nematode species 
follow a more traditional male/female plan, and the advent of hermaphroditism in 
elegans required only a few minor modifications to the germline (Kiontke et al. 2004), 
making C. elegans hermaphrodites essentially germline-modified females. Males differ 
from hermaphrodites in a number of ways, but two of the most important features of 
male specification are the development of the male-specific mating structures of the tail 
and the large set of male-specific neurons that manage the complex behaviors 
associated with mate searching and mating. Interestingly, most of the male-specific 
neurons in C. elegans are born and develop postembryonically, at the onset of sexual 
maturation around the final larval stage, with the result that males and hermaphrodites 
display very few morphological or behavioral differences until the end of larval 
development. (Hodgkin 1983). 
As in mammals, sex determination in C. elegans begins at the chromosomal 
level, but elegans does not possess a Y-like chromosome. Instead, sex is determined 
by the number of X chromosomes an individual inherits, with XX genotypes giving rise 
to hermaphrodites, while the XO genotype produces males, and, as in Drosophila, sex 
is a product of the X:Autosome ratio. Inheriting two X chromosomes triggers a number 
of downstream events in the sex determination pathway, culminating with the 
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expression (in XX animals) or post-translational degradation (in XO animals) of the gene 
tra-1. Analysis of a number of loss-of-function (lf) and gain-of-function (gf) alleles 
uncovered in the early characterization of tra-1 indicated that it acts to repress a 
“default” male state in the cells in which it’s expressed, because tra-1(lf) mutant XX 
hermaphrodites developed functional male tails and other male morphological features, 
while tra-1(lf) mutant XO males were largely unaffected outside the gonad. Similarly, 
tra-1(gf) mutations have a dominant, feminizing effect on C. elegans males. It was for 
these reasons that tra-1 has been dubbed the master regulator of sexual differentiation 
in the nematode (Hodgkin 1987). The fact that C. elegans appears to default to the male 
sex, then, poses a similar but converse question to that of mammalian development: 
what regulatory factors are driving the development of male features in the absence of 
tra-1? 
  tra-1 encodes two isoforms of a Gli-like Zn-finger transcription factor, but only the 
longer form of this protein, TRA-1A, is able to bind DNA (Zarkower and Hodgkin, 1992). 
Since its discovery, multiple studies have identified direct targets of tra-1 repression, but 
some of the most relevant work concerns the regulation of mab-3 by tra-1. mab-3, or 
Male ABnormal-3, was originally isolated from a series of forward genetic screens in the 
Hodgkin lab that were designed to identify genes necessary for male mating (Hodgkin, 
1983). The observation that mab-3(lf) males developed deformed tails—while 
hermaphrodites appeared to be unaffected—spurred further investigation into the role 
that mab-3 might play in the patterning of male development. Another series of screens 
in the same lab generated a number of new alleles of mab-3, showing a range of 
severity of male developmental phenotypes; the most severe phenotypes were 
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associated with the putative null allele mab-3(e1240). mab-3(e1240) males fail to 
develop normal V rays, an innervated sensory organ in the tail, indicating that mab-3 
acts as a positive regulator of the development of male mating structures (Shen and 
Hodgkin, 1988).  
However, the same study brought to light the fact that mab-3 is also responsible 
for the suppression of the production of vitellogenin, an egg-yolk protein required by 
hermaphrodites, in the male gut. In wild-type hermaphrodites, vitellogenin and other 
yolk precursors are first produced in the gut, from which they are exported into the body 
cavity and ultimately absorbed by developing oocytes. In a mab-3(e1240) male, 
vitellogenin is produced in significant quantities in the gut. The observation that some 
hermaphrodite features were being actively suppressed in males challenges the “default 
male” hypothesis of C. elegans sexual development somewhat, and later investigations 
into the transcriptional regulation of sexual differentiation have shown that this 
developmental process unfolds as the result of a number of different 
induction/suppression schemes.  
 The cloning of mab-3, which was accomplished in the late 90s (Raymond et al., 
1998), was somewhat of a milestone in the study of the transcriptional regulation of 
sexual fate decisions. Inspection of the newly-cloned mab-3 locus revealed that the 
MAB-3 protein contains two copies of an atypical Zn-finger motif that is also found in 
Drosophila DSX, indicating either some degree of relatedness between dsx and mab-3 
or a fantastically improbable instance of convergent evolution, as Drosophila and C. 
elegans are separated by millions of years of evolutionary history. In the end, the 
question of relatedness was settled through a series of transgenesis experiments in C. 
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elegans. mab-3(lf) animals were microinjected with copies of Drosophila dsx cDNA to 
see whether it could rescue the mab-3(lf) male tail phenotypes, and indeed DSX was 
able to replace MAB-3 in patterning male tail development. Importantly, only the male-
specific form of DSX was able to rescue male developmental defects (Raymond et al., 
1998). In light of this evidence, the investigators involved decided to label the atypical 
Zn-finger motif found in both DSX and MAB-3 the “DM” domain, for Doublesex/mab-3. 
Inspection of the  C. elegans and human genomes turned up a number of other DM 
domain-containing genes, including DMT1 (later renamed to Dmrt1), a human DM 
domain gene expressed in the testis, and a unifying theme in sex specification began to 
emerge: though the top-level regulators of sexual specification appear to have diverged 
wildly between phyla, the discovery of DM genes indicated that there is some core 
machinery of sex differentiation that is ancestral to nematodes, arthropods and 
mammals, and the resulting study of these conserved DM genes in invertebrate models 
has been highly fruitful for the study of sexual differentiation and dimorphism.  
 C. elegans is now known to have 11 DM domain-containing genes, but only a 
handful have been characterized. mab-3, mab-23, and dmd-3 (for dm domain) are the 
best-studied, and have all been shown to manage aspects of sex determination. mab-
23 and dmd-3 both drive specific aspects of the development of the male tail (Lints and 
Emmons, 2002; Mason et al., 2008), but several DM domain genes have also been 
found to be expressed in, and to regulate the development of, neurons of both the sex-








 As mentioned previously, sex determination in Drosophila occurs cell 
autonomously in all sexualized tissues, and the nervous system is no exception. 
Compared to other species that are similarly amenable to intensive genetic and 
neurodevelopmental investigation, Drosophila has a rich behavioral repertoire, 
especially where courtship and mating are concerned. As a result, several illuminating 
investigations seeking to unravel the molecular mechanisms underlying sexually 
dimorphic behavior have been performed in this species. As is the case in a number of 
other species across phyla, successful Drosophila mating proceeds through the courting 
of choosy females by promiscuous males. This requires distinct behaviors, and hence 
distinct neural circuitry, for each sex. Male Drosophila require nervous systems that 
allow them to locate females, detect the most potentially fertile individuals, and convince 
them to mate using a male-specific singing behavior. Females must, in turn, assess the 
suitability of their potential mates, which requires a nervous system capable of 
evaluating the quality of a courtship song as well as a number of other factors that 
influence female mate choice. Because of its obvious and measurable output, singing 
behavior has been of particular interest in the Drosophila neurobiology and behavior 
community, and studies of the genetics underlying this behavior have shown clear 
evidence of influence of sex determination pathways on the development of the 
Drosophila nervous system.  
 Generally speaking, the Drosophila central nervous system (CNS) does not 
display widespread or striking sexual dimorphisms, but several notable differences have 
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been observed. In females, the mushroom bodies, structures in the fly brain associated 
with olfactory learning and memory, contain larger populations of neurons than those 
observed in males, a difference which arises as a result of postembryonic development. 
But behavioral studies of males with severe defects in mushroom body development do 
not show defects in mating behavior, indicating that this region is not the source of 
sexually dimorphic behavior (Technau, 1984). Similarly, differential timing of neuroblast 
divisions in ganglia of the abdomen leaves males with higher populations of neurons in 
these regions (Truman and Bate, 1988). Outside of the CNS, the peripheral nervous 
system of the fruit fly also shows some degree of sexual dimorphism, generally 
involving male- or female-specific sensory organs (Taylor et al. 1994). Some of these 
dimorphisms, such as the larger populations of neurons arising from abdominal 
neuroblasts, have been tied to the action of Doublesex, the master somatic sex 
determination gene (Taylor and Truman 1992), but a clear link between sex, genetics 
and behavior was not established until the cloning of Fruitless, a putative transcription 
factor gene expressed exclusively in the nervous system (Ryner et al. 1996, Ito et al 
1996).  
 Fruitless (fru) was first isolated in a genetic screen due to its male sterility 
phenotype (Gill, 1963), but further examination of fru mutant animals showed that they 
are specifically defective in certain behaviors involved in mating, including courtship 
singing and the final abdominal bend required for successful copulation. The abdominal 
bend phenotype of fru males was eventually traced to the male-specific Muscle of 
Lawrence (MOL), which is absent in animals carrying null mutations in Fruitless ( 
Lawrence and Johnston 1984), but courtship behavior had previously been localized to 
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specific areas of the CNS using sexual mosaics (Hall 1977), indicating that fru might be 
required there for the establishment of sexually dimorphic behavioral circuits. Two 
parallel investigations, one performed by Ito and colleagues and the other undertaken 
by Ryner et al., defined the Fruitless locus and showed that it is indeed expressed in a 
subset of neurons known to be required for mating behavior, and that it encodes a BTB-
type zinc finger transcription factor (Ryner et al. 1996, Ito et al 1996). In combination, 
these studies furthermore showed that fru, like dsx, produces sex-specific transcripts, 
the splicing of which is controlled by tra and tra-2.  
 With the data from numerous additional studies investigating the roles of fru and 
dsx in patterning the nervous system, a model has emerged in which dsx regulates the 
sex-specific proliferation of neuronal populations, while fru manages postmitotic 
specializations of neurons required for sex-specific behaviors (Dickson 2008). The tools 
of genetic, developmental and behavioral analysis available to Drosophila researchers 
have allowed for a thorough dissection of the genetics of sexually dimorphic behaviors 
in a complex nervous system, but the C. elegans model is beginning to show its utility 
for fine-grained investigations of sexual determination of nervous system development 




 As a result of the highly stereotyped process of nematode development, sexual 
dimorphism in the C. elegans nervous system is immediately noticeable. 
Hermaphrodites possess 302 neurons, 8 of which are hermaphrodite-specific, and the 
male nervous system contains 385 neurons, 91 of which are male-specific (Lints and 
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Emmons, 2002; Portman, 2007). However, males and hermaphrodites do not differ only 
in their respective sex-specific nervous systems. Recent work has shown that shared 
neurons—that is, neurons possessed by both males and hermaphrodites—differ in both 
synaptic connectivity and gene expression patterns between the sexes.  
 




 The sex-specific nervous system of the hermaphrodite contains 8 neurons, a 
group comprising one pair and one set of 6 neurons involved in the egg-laying system. 
The HSN, or hermaphrodite-specific neuron, is one of the best-studied neurons of the 
hermaphrodite nervous system, and was an object of intense interest in the early days 
of C. elegans neurodevelopmental research. It exists as a bilaterally symmetric neuron 
pair in the midbody, from where it projects an axon ventrally to innervate the vulva and 
then further anteriorly along the ventral nerve cord, ultimately to the nerve ring, the 
“brain” of the worm.  
The development of the HSN occurs in several distinct stages. This characteristic 
is one of the things that attracted investigators early on, due to its potential as a model 
for a number of important neurodevelopmental processes. It is born initially in the tail, 
but migrates approximately half the length of the body during embryonic development, 
ultimately arriving near the eventual vulval primordium (see Figure 3). After migration, 
the HSN is little more than a quiescent soma, as it lacks any projections or synapses, 
and essentially remains halted in its development for several larval stages. In the late 
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larval stages (beginning in late L3), the HSN begins to extend its axon and complete 
maturation, a process characterized by the enlargement of its cell body, the 
development of a distinctive “hood” structure, and the production of serotonin, which is 
detectable by immunofluorescence beginning late in the 4th and final larval stage. The 
HSN is not specifically generated only in the hermaphrodite: in males, the HSN is 
generated through the same pattern of cell divisions as the hermaphrodite, but killed by 
programmed cell death after specification but before migration (Desai, 1988).  
 
Figure 3. Schematic showing the migration of HSN during early development (Loer and Rivard 2007) 
 
The HSN also has a major advantage for those wishing to perform unbiased 
genetic screens to identify regulators of its development: animals defective in HSN 
function retain eggs, giving them a distinctive phenotypic readout that significantly 
increases the odds of identifying relevant mutants. Furthermore, because the HSN is a 
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serotonergic neuron whose behavioral readout is the laying of eggs, mutations that 
specifically affect the development of serotonergic characteristics can be identified and 
categorized using drugs that affect the release or reuptake of serotonin. The Horvitz lab 
took advantage of these characteristics in a screen conducted in the 1980s that was 
ultimately able to identify 37 distinct genes involved in HSN development, which they 
were then able to organize into a developmental pathway for the HSN. (Desai, 1988).  
In addition to identifying numerous genes important for neural development, this 
study also provided a neat demonstration of the modularity of both genetic regulation 
and neural development, which they were able to deduce from the nature of the 
phenotypes—or combinations of phenotypes—associated with different mutations. For 
example, mutations in mig-1 (for migration defective) and egl-27 (for egg-laying 
defective) were both shown to affect the migration of the HSN, but aside from not 
migrating as far as they should have, mig-1 neurons still developed and functioned 
normally, whereas egl-27 HSNs neither migrated nor functioned properly. Multiple other 
phenotypic observations allowed the Horvitz group to devise a regulatory hierarchy for 
HSN development (shown in Figure 4) wherein some genes, primarily those shown to 
have single phenotypes, acted as effectors of neural development, while those with 
multiple phenotypes were hypothesized to be acting as regulators of neural 
development. Additionally, several of the genes I have studied in the course of my 
dissertation work, including the worm Netrin and its receptor (unc-6 and unc-40) and 
ham-3 (hsn abnormal migration), were identified in this screen for their role in HSN 
development. My work on the cloning and characterization of ham-3 is described in 
Chapter 2, and my work concerning the netrin system is described in Chapter 3 .  
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The discovery of egl-1 in the Horvitz screen also provided an opportunity to 
interrogate the direct regulation of neural development by the sex determination 
pathways. egl-1 mutant hermaphrodites hatch without HSNs, but this phenotype is 
rescued in a ced-3(lf) mutant (Desai, 1988). ced-3, for cell death, was isolated in an 
earlier screen in the Horvitz lab in an investigation of programmed cell death, where it 
was demonstrated that ced-3(lf) mutant males no longer destroyed their HSNs by 
apoptosis (Ellis and Horvitz, 1986). The observation that egl-1; ced-3 double mutant 
hermaphrodites retained their HSNs, therefore, indicated some regulatory role for egl-1 
in the survival/cell death decision of the HSN in both sexes, but exactly how this 
regulation plays out wasn’t described until the late 90s. With increased understanding of 
the cell death pathway in C. elegans, it became clear that many of the egl-1 mutations 
in which hermaphrodite HSN cell death had been observed were in fact gain-of-function 
mutations, and further work in the Horvitz lab mapped these mutations to the 5’ 
regulatory regions of egl-1. Ultimately, 7 distinct gf alleles turned out to be point 
mutations in a conserved TRA-1A binding site, the consensus motif of which had been 
characterized previously by another group (Conradt and Horvitz, 1999; Zarkower and 
Hodgkin, 1993). With this new evidence, it became clear that egl-1 is a direct target of 
tra-1 repression in the hermaphrodite, providing a direct link between the sex 
determination pathway and the patterning of the nervous system. Perhaps more 
interestingly, it adds further complexity to the question of a default male / default 
hermaphrodite developmental framework, as this appears to be a case in which a 
hermaphrodite feature is normally developed in both sexes and subsequently 
suppressed in males. Several other examples of direct influence on neural development 
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by the sex determination pathways can be found in the male-specific nervous system, 
reviewed below.  
 





Male-specific nervous system 
 
 The male-specific nervous system of Caenorhabditis elegans contains a large 
number of neurons whose development is likewise regulated by a combination of 
induction and repression mechanisms. The CEM neurons, male-specific sensory 
neurons of the head, are cholinergic sensory neurons (Pereira et al, 2015) that allow 
males to sense C. elegans-specific pheromones in their environment (Izrayelit et al., 
2012). The CEMs are the only male-specific neurons to be born embryonically, and like 
© 1988 Nature Publishing Group
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the HSN they become sex-specific through programmed cell death in the opposite sex. 
Unlike the HSNs, the CEMs make use of a non-canonical cell death pathway to manage 
their male-specific survival. CEMs escape cell death in males through the action of the 
conserved homeodomain transcription factor gene ceh-30 (C. elegans homeodomain), 
which is normally suppressed in hermaphrodites by tra-1. Gain-of-function mutations of 
ceh-30, which lead to CEM survival in hermaphrodites, have been shown to be 
mutations in TRA-1 binding sites in the ceh-30 locus (Schwartz and Horvitz, 2007), 
showing once again that there are direct connections between neural development and 
sexual specification pathways.  
 Like the CEMs, the majority of the remainder of the male-specific nervous system 
is composed of sensory neurons. In fact, 50 of the 89 male-specific neurons are 
involved in sensory perception (Portman, 2007), and for the most part they are clustered 
in the tail, where they help to manage the behaviors involved in the processes of mate-
searching, vulva location and mating. Many of these sensory neurons can be found in 
the rays, the postembryonically developed peripheral sensory organs of the tail. Studies 
of the development of the rays have generated a good deal of insight about the linkages 
between sex determination, neurogenesis and the terminal differentiation of neurons. 
 Because it involves a more complex regulatory structure than other sex-specific 
neurons, the development of the ray neurons has yet to be fully understood, but multiple 
studies have demonstrated involvement of both DM domain transcription factors and 
proneural bHLH transcription factors. The rays, which are generated in the final larval 
stage, are arranged in a set of 9 bilateral pairs that project outward from the tail. Each 
ray is composed of 3 cell types: an A-type neuron (RnA, where n is the associated ray 
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number ranging from 1 - 9), a B-type neuron (RnB), and a glia-like structural cell that 
ensheathes the two neurons (Rnst) (Portman, 2007). The ray neurons are not all 
identical, however, and multiple differences in neurotransmitter identity, gene 
expression and connectivity have been observed between different classes of ray 
neurons.  
 As mentioned previously, the DM-domain transcription factor mab-3 has been 
suggested to be   a driver of the development of male rays, but the phenotype of ray 
loss in mab-3 mutants is not complete (Shen and Hodgkin, 1988). A separate study 
identified a more severe ray-loss phenotype in mutants of the atonal-like proneural 
bHLH transcription factor lin-32, but lin-32 mutants also displayed loss of other 
postembryonically-derived neurons of the shared nervous system and, more 
importantly, lin-32 is not expressed in the hypodermal precursor cells of the 
hermaphrodite tail, indicating that it might be acting downstream of the sex 
determination pathway in driving the development of the sex-specific ray neurons and 
glia (Zhao and Emmons, 1995). mab-3 offers a promising candidate for this linkage, as 
it has been shown to be a direct target of TRA-1A repression, though not yet in the tail 
(Yi et al. 2000), and has also been observed to repress expression of the 
Hairy/Enhancer of split (Hes)-like bHLH factor ref-1 in the tail, where it normally acts to 
repress expression of lin-32 (Ross et al. 2005). However, a clear unifying model of male 
ray development that links global regulators of sexual development to sex-specific 
neurogenesis in the tail has yet to be put forth.  
 DM-domain transcription factors have also been shown to play a role in the 
specification of terminal fates of sex-specific neurons in the male tail. The ray neurons 
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differ from ray to ray in their neurotransmitter of choice; some utilize dopamine, while 
others make use of glutamate or acetylcholine (Pereira et al, 2015). In wild-type males, 
only the A-type ray neurons of rays 5, 7 and 9 adopt a dopaminergic fate, but males 
carrying loss-of-function mutations in the DM-domain transcription factor gene mab-23 
display multiple defects in terminal ray neuron differentiation, including the ectopic 
expression of cat-2 (the rate-limiting enzyme in dopamine biosynthesis), and hence the 
production of dopamine, in the A-type neurons of rays 1, 3 and 6. Expression of a mab-
23::gfp reporter in multiple A-type ray neurons including R1A, R3A and R6A, indicates 
that MAB-23 is actively repressing elements of the terminal dopaminergic battery in 
these neurons under normal circumstances. Indeed, ectopic adoption of dopaminergic 
fate appears to require the action of EGL-5, an AbdominalB-like hox transcription factor 
that has been shown to be required for the establishment of competence to adopt 
dopaminergic fate and is expressed in the A-type neurons of rays 3-6. Interestingly, 
mab-23 is also expressed in neurons of the shared and hermaphrodite-specific nervous 
system, including the HSN, where egl-5 is also expressed and a dopaminergic fate 
might need to be actively repressed (Lints and Emmons, 2002).  
 
Shared nervous system 
  
  
Although much work has been done to elucidate the development of the sex-
specific nervous system, comparatively little progress has been made in understanding 
the role that sex determination pathways play in organizing the development of the 
shared nervous system, though recent work has contributed significantly. Structural and 
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developmental dimorphisms in shared neurons such as the PDA, PDB, PVP and PHC 
were noted in the earliest studies of C. elegans biology (Sulston et al, 1980), but it only 
became possible to assay subtler molecular differences with the advent of fluorescent 
reporters. Nevertheless, relatively few molecular dimorphisms have so far been 
described. The 7-transmembrane domain chemoreceptor srd-1 has been observed to 
be expressed in a sexually dimorphic pattern in the sensory neurons of the head, where 
hermaphrodites express srd-1 in the ASI, while males express srd-1 in both the ASI and 
the ADF neurons (Troemel et al. 1995), which presumably plays a role in male-specific 
chemosensory behavior. Until recently, the only other effector genes known to be 
expressed dimorphically were the 7-transmembrane domain receptor genes odr-10, 
which is expressed in the AWA neurons of adult hermpahrodites but not males (Ryan et 
al. 2014), and srj-54, which is expressed exclusively in the male AIM interneuron 
(Portman, 2007). The AIM also displays an interesting maturation-linked, sexually 
dimorphic developmental switch: in both males and hermaphrodites, the AIM produces 
and utilizes glutamate as a neurotransmitter until the third larval stage (L3), but after L3, 
males downregulate the expression of glutamatergic genes and adopt a cholinergic 
identity in a process that can be directly linked to the sex determination pathway, while 
hermaphrodite AIMs maintain a glutamatergic identity into adulthood (Pereira et al, 
2015). Additionally, The PHC, a sensory neuron of the tail, has recently been shown to 
express flp-11, a gene encoding several FMRFamide neuropeptides, specifically in the 
male (Serrano-Saiz et al, in press). 
Several of the dmd genes are also expressed in the core nervous system, with 
some (but not all) showing clearly dimorphic expression, indicating a variety of different 
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mechanisms by which the sexual specification machinery impinges on neural 
development. mab-3, which has been shown to be a direct target of TRA-1A repression 
in the hermaphrodite gut, is expressed in shared neurons of the head non-dimorphically 
during late embryonic and early larval stages. At the onset of sexual maturity, however, 
mab-3 was found to be expressed only in head neurons of the male, including the ADF, 
the site of dimorphic expression of srd-1. mab-3 mutant males are also deficient in 
mate-location behaviors that have been linked specifically to the sensory neurons of the 
head, but this defect has so far not been linked to known, dimorphically expressed 
neurons in the head—MAB-3 does not appear to be a regulator of srd-1 expression in 
the ADF sensory neuron (Yi et al., 2000). Fluorescent reporters for mab-23 are also 
expressed in shared neurons of the head and tail, though the exact consequences of 
this expression for gene regulation and male behavior remain undetermined (Lints and 
Emmons, 2002). dmd-3, a direct target of TRA-1A that manages the crucial male tail tip 
retraction during sexual maturation, is also expressed in the PHC sensory neurons of 
the tail, where it manages the dimorphic scaling of transcription of several key neuronal 
effector genes (Serrano-Saiz et al., in press), and dmd-5 and dmd-11 have recently 
been shown to be expressed exclusively in the AVG interneurons of males, where they 
regulate a neuronal pruning event that is described in further detail below (Oren-Suissa 
et al., 2016). 
Though the above work in the analysis of gene expression in the C. elegans 
nervous system represents a great first step toward understanding the mechanisms 
underlying molecular dimorphisms in the core nervous system, the recently completed 
mapping of the C. elegans male connectome has shown a wide array of differences in 
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connectivity between neurons of the male and hermaphrodite nervous systems (Jarrell 
et al., 2012), the vast majority of which remain unexplored in terms of the molecular 
mechanisms involved. One recent, unexpected result of the comparison between the 
male and hermaphrodite connectomes is the discovery of sex-specific synaptic pruning 
events in both males and hermaphrodites.  
Electron micrograph-based analysis of synaptic connectivity initially identified 
synapses from the PHA and PHB sensory neurons of the tail onto the AVG and AVA 
interneurons that showed starkly dimorphic connectivity patterns. Further analysis with 
GRASP and iBlinc, two GFP-based in vivo synaptic labeling systems (Feinberg et al., 
2008; Desbois et al., 2015), showed that these synapses are in fact dynamically 
remodeled in a process controlled by the sex determination pathway (Oren-Suissa et 
al., 2016). The PHA>AVG, PHB>AVG and PHB>AVA connections all exist as functional 
synapses in the tail regions of early larval animals of both sexes, but pruning events 
during sexual maturation remodel these circuits such that the PHA>AVG and PHB>AVA 
synapses are selectively pruned in the male, while the PHB>AVG synapse is selectively 
pruned in the hermaphrodite, leaving a male-specific connection between the PHB and 
AVG, which plays a crucial role in vulva location behavior in the male (see Figure 5 for 
a schematic).  
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Figure 5. Schematic representing pruning events in sex-shared tail neurons from Oren-Suissa et al. 2016 
 
 
At the molecular level, multiple mechanisms appear to be in play in the 
remodeling of the PHB>AVG synapse. Firstly, animals carrying mutations in dmd-5 and 
dmd-11, the DM-domain genes expressed only in the male, but not hermaphrodite, AVG 
neurons, show PHB>AVG synapse maintenance defects: these mutants now eliminate 
the PHB>AVG synapse in both males and hermaphrodites. Because so many DM 
domain transcription factors appear to function as transcriptional repressors, the mutant 
phenotype is presumed to be the result of a derepression of some aspect of the 
synaptic pruning mechanism that is normally shut down in the wild-type male (Oren-
Suissa et al., 2016). Secondly, the AVG is known to express the C. elegans Netrin 
ortholog unc-6, which I have shown in Chapter 3 to be required for the male-specific 
maintenance of the PHB>AVG synapse and a direct target of TRA-1A repression in 
hermaphrodites. Exactly how the forces of pruning and maintenance are balanced 
remains to be determined, but these investigations have shown the power of the C. 
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elegans model organism for the fine-grained examination of the connections between 
conserved mechanisms of sexual differentiation and neural development. 
   
PART 2: AXON GUIDANCE AND SYNAPTIC PARTNER RECOGNITION  
 
AXON GUIDANCE CUES  
 
 In order for a functional nervous system to develop properly, individual neurons 
must be able to locate and connect to their desired partners by sending projections into 
precisely defined areas of the neuropil and body. The process of navigation is managed 
by a diverse group of external guidance cues that are read by specific receptors on the 
growth cone, the mobile tip of a developing axon (Bray and Hollenbeck 1988). Among 
the molecules known to be involved in this process are the Netrins and their receptors 
UNC-40/DCC and UNC-5, Slits and their receptors in the Robo family, Semaphorins 
and their receptors, Ephrins and Eph receptors, and a large number of cell adhesion 
molecules (CAMs). Each of these families of cues and receptors plays a specific (and in 
some cases overlapping) role in axon guidance, and they can work in concert to 
achieve very precise targeting of neuronal processes in densely packed neuropils 
(Tessier-Lavigne and Goodman 1996). One system of guidance cues and receptors in 
particular, the Netrin system, has been a particular focus of mine during the course of 
my thesis research. Netrin has been shown to play a role in both axon guidance and 
synaptogenesis, and the sex-specific regulation of Netrin expression in the AVG 
interneuron of C. elegans has turned out to play a crucial role in the sex-specific 
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maintenance of AVG synaptic connections. In the following sections, I will briefly review 
the Netrin family and its role in synaptogenesis.  
 
NETRIN SYSTEM – LONG RANGE GUIDANCE 
 
 The gene encoding Netrin was first identified by its uncoordinated phenotype in a 
forward genetic screen in C. elegans undertaken by Sydney Brenner, the founder of C. 
elegans genetic research, and named unc-6 (for uncoordinated) (Brenner 1974), though 
the nature of the protein encoded by this locus was then completely unknown. Later 
work by Edward Hedgecock and members of his lab demonstrated that unc-6 encodes 
a laminin-like secreted protein that guides axonal migration during C. elegans 
development through the action of receptors on the surface of motile cells (Ishii et al. 
1992). The protein product Netrin, named for the Sanskrit word for guide, was 
subsequently purified from the floor plate of mouse brain and shown to be homologous 
to the C. elegans unc-6 gene product (Serafini et al, 1994). Four other members of the 
Netrin family have since been identified in mammals, including three secreted 
molecules (netrins 1, 3 and 4) and two membrane-anchored proteins (netrins G1 and 
G2), but no other members of the netrin family have been identified in C. elegans. 
 In C. elegans, UNC-6 acts as a ligand for two separate receptors, UNC-40 
(Chan et al. 1996) and UNC-5 (Hamelin et al. 1993), but these two receptors have been 
expanded into larger families in higher organisms. Down syndrome cell adhesion 
molecule (DSCAM) has also been shown to act as a receptor for Netrin family ligands, 
though not in C. elegans, which does not appear to possess a homolog of DSCAM.  In 
general, netrins are composed of three main domains: domain VI, a globular domain at 
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the amino terminal end, domain V, which is composed of three EGF-like repeats, and 
the carboxy-terminal C domain. Domains VI and V are necessary for the binding of 
netrin receptors UNC-40/DCC and UNC-5, while the C domain may help with the 
accumulation and presentation of netrin molecules by heparan sulfate proteoglycans 
(Rajasekharan and Kennedy 2009).  
 Netrins have a widely conserved role in axon guidance and are generally thought 
to act as chemoattractants for navigating growth cones, though this attractive effect is 
only observed in cells expressing UNC-40/DCC, as receptors of the UNC-5 family 
induce repulsion activity in the cells in which they are expressed (Hamelin et al. 1993) in 
a process that also involves UNC-40/DCC (Merz et al. 2001). Both UNC-6 and 
mammalian netrins are often described as ventral guidance cues due to the fact that 
they were initially observed to be expressed by ventral tissues and that mutations in 
unc-6 and unc-40 specifically cause defects in ventral axonal migrations in C. elegans 
(Hedgecock et al. 1990), though further characterization in mammalian brain has shown 
Netrin to have a somewhat more complex role in guidance (Rajasekharan and Kennedy 
2009).  
 At the molecular level, the axon-attractive effects of UNC-6/Netrin are mediated 
by the actions of UNC-40/DCC at the growth cone. The growth cones of elongating 
neurons are semi-autonomous motile structures composed of multiple actin-rich 
filopodia and lamellipodia, which are in constant motion as the leading edge of the 
growth cone samples its environment for guidance and adhesive cues (Korey and Van 
Vactor 2000). When one of these “fingers” of the migrating growth cone encounters a 
higher concentration of UNC-6/Netrin, UNC-40/DCC receptors on its surface bind the 
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guidance cue and trigger changes in the neuron’s actin cytoskeleton which are 
mediated by the Rac GTPase CED-10, the actin-binding protein UNC-115/abLIM (Gitai 
et al. 2003), and MIG-10/lamellipodin, a regulator of actin (Quinn et al. 2008), among 
others (Adler et al. 2006, Quinn et al 2006). The end result of this sequence of events is 
that the navigating axon may turn, continue extending, or stop, depending on the 
specific changes in actin dynamics initiated by the above molecules. Using these 
mechanics, neuronal projections can be guided precisely into place using simple 
gradients of attractive and repulsive cues.  
 
NETRIN SYSTEM – TARGET SELECTION AND SYNAPTOGENESIS  
 
 Long-range axon navigation is only the first step in the successful construction of 
a functional nervous system. Once axons have been guided into place, synapses 
between neurons and their targets need to be organized into precise compartments in 
order to ensure proper connectivity. An early question in the study of axon guidance and 
synapse formation concerned whether long-range guidance could be separated from 
final target selection (Winberg et al. 1998), and multiple studies were undertaken to 
address this question. One of the first to show that target selection could occur 
separately from long-range guidance was a study in Drosophila using the innervation of 
specific muscle fibers as a model. In wild-type fruit flies, the pleural internal oblique 
muscle fiber number 5 is normally innervated by a set of motorneurons that send 
projections from far away. If this specific muscle fiber is genetically deleted, the motor 
neurons that normally synapse onto muscle fiber 5 instead simply form functional 
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synapses onto nearby muscles, which gave some indication that final target selection 
might proceed by more local cues than long-range guidance (Cash et al. 1992). 
 However, the inability to identify unique molecular cues for each possible 
synapse in the nervous system led to the development of a more complex model for 
target selection that involved fewer cues. In this model, neurons sample a range of 
possible cues and select their targets based on a combination of inputs and balanced 
forces, and studies in Drosophila aimed at addressing this question were the first to 
present evidence that netrins exert a synaptogenic effect in addition to their role in 
guidance. In an elegant series of experiments, Winberg and colleagues manipulated 
levels of Netrin, Semaphorin and the cell adhesion molecule Fasciclin II in fly body wall 
muscles. Their results demonstrated that the three molecules exerted conflicting 
influences on synapse formation and were some of the first to separate Netrin’s 
synaptogenic properties from those of guidance (Winberg et al. 1998). Several 
subsequent studies in C. elegans have filled in the details of how exactly Netrin 
organizes the formation of synapses.  
 Work on the connections between the AIY and RIA interneurons of the nematode 
head showed that UNC-6/Netrin secreted from the glia-like ventral cephalic sheath cells 
(VCSCs) influenced the accumulation of UNC-40/DCC in specific presynaptic zones in 
the AIY, which synapses onto the RIA. AIY neurons that lack UNC-40/DCC fail to recruit 
crucial presynaptic proteins to the area where connections to the RIA are normally 
formed, indicating a role for UNC-40/DCC in the organization and refinement of synaptic 
architecture. Interestingly, AIYs lacking UNC-40/DCC activity showed no appreciable 
guidance defects, providing further evidence of a dual role in both guidance and 
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synaptogenesis for UNC-6/Netrin (Colón-Ramos et al. 2007). This Netrin-driven 
organization of presynaptic densities is mediated by some of the same factors that the 
Netrin system uses in axon guidance: UNC-40/DCC recruits CED-5/DOCK180 to the 
presynaptic zone of the AIY, which then causes actin cytoskeleton rearrangement 
through CED-10/Rac1 and MIG-10/Lamellipodin, ultimately allowing for synaptic vesicle 
clustering in the AIY (Stavoe and Colón-Ramos, 2012).  
Repulsive Netrin receptors have also been shown to affect synapse formation in 
C. elegans neurons. The DA9 neuron of the worm tail has a ventral dendrite and a 
dorsally projecting axon, and in wild-type animals, presynaptic markers accumulate only 
in certain areas of the dorsal projection. In unc-5 and unc-6 mutants, presynaptic 
markers accumulate in the ventral dendrite, indicating that UNC-6 can exclude synaptic 
components from specific areas through its interaction with UNC-5 (Poon et al. 2008), 
though what components act downstream of UNC-5 in synaptic exclusion are not yet 
known. Considered together, data from Drosophila and C. elegans provide clear 
evidence that UNC-6/Netrin can play an instructive synaptogenic role in nervous system 
development.  
In comparison, evidence that the Netrin system can play a role in the 
maintenance and plasticity of synapses in mature animals is relatively scarce. 
Interestingly, however, recent studies in mouse models have provided evidence for 
possible roles for the Netrin system in the mature mammalian brain that may be 
separate from its early synaptogenic properties (Xu et al. 2010). The simpler nervous 
system of C. elegans provides a unique opportunity to explore the mechanics of UNC-
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6/Netrin-mediated synaptic maintenance, and my work characterizing this mechanism in 
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 Much of the work in the Hobert lab has been concerned with the regulation of 
terminal features of neuronal development. The work in this chapter describes a 
different layer of regulation of neuronal differentiation than is normally studied: the role 
that chromatin remodeler complexes play in the late-larval terminal differentiation of a 
sex-specific neuron, the HSN. The HSN has the curious property, as far as C. elegans 
neurons go, of being specified during embryogenesis, migrating into place, and then 
lying dormant for several larval stages. During this “dormant” period, the HSN 
expresses neither markers of terminal differentiation, such as the components of the 
serotonin biosynthesis pathway, nor markers of pan-neuronal fate, such as rab-3. The 
HSN does not even extend an axon until long after almost every other neuron in the 
nervous system has completed the developmental steps of axon migration and synapse 
formation. The molecular aspects of this dormant period remain unknown, but this 
chapter makes it clear that chromatin remodeling complexes play a role in re-starting 
the post-specification developmental program of the HSN.  
 ham-3, the gene whose characterization I describe in this chapter, is a subunit of 
a large multiprotein chromatin remodeling complex. Animals that are mutant for ham-3 
show many developmental defects, but those in the postembryonically developing, sex-
 60 
specific neuronal lineages (specifically, the HSN and VC neurons of the egg-laying 
system) are most striking.  
In the course of the work described here, I identified ham-3, a gene isolated in a 
screen for neurodevelopmental phenotypes in 1988, as a subunit of the SWI/SNF 
chromatin remodeling complex. Without ham-3, HSNs fail to migrate, properly extend 
their axons, or produce normal levels of serotonin, the neurotransmitter used by this 
neuron. I was able to show that these deficiencies arise from the failure to express 
transcription factors that manage each of these elements through the regulation of 
batteries of effector genes. These findings indicate that the SWI/SNF complex is 
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ABSTRACT Regulatory programs that control the specification of serotonergic neurons have been investigated by genetic mutant
screens in the nematode Caenorhabditis elegans. Loss of a previously uncloned gene, ham-3, affects migration and serotonin antibody
staining of the hermaphrodite-specific neuron (HSN) pair. We characterize these defects here in more detail, showing that the defects
in serotonin antibody staining are paralleled by a loss of the transcription of all genes involved in serotonin synthesis and transport. This
loss is specific to the HSN class as other serotonergic neurons appear to differentiate normally in ham-3 null mutants. Besides failing to
migrate appropriately, the HSNs also display axon pathfinding defects in ham-3 mutants. However, the HSNs are still generated and
express a subset of their terminal differentiation features in ham-3 null mutants, demonstrating that ham-3 is a specific regulator of
select features of the HSNs. We show that ham-3 codes for the C. elegans ortholog of human BAF60, Drosophila Bap60, and yeast
Swp73/Rsc6, which are subunits of the yeast SWI/SNF and vertebrate BAF chromatin remodeling complex. We show that the effect of
ham-3 on serotonergic fate can be explained by ham-3 regulating the expression of the Spalt/SALL-type Zn finger transcription factor
sem-4, a previously identified regulator of serotonin expression in HSNs and of the ham-2 Zn transcription factor, a previously identified
regulator of HSN migration and axon outgrowth. Our findings provide the first evidence for the involvement of the BAF complex in the
acquisition of terminal neuronal identity and constitute genetic proof by germline knockout that a BAF complex component can have
cell-type-specific roles during development.
NEURONS that express the neurotransmitter serotoninfulfill a number of critical functions in all nervous sys-
tems examined to date. In vertebrates, serotonergic neurons
modulate anxiety, cognitive processes, mood, body temperature,
sleep, sexual behavior, appetite, and metabolism, and their dys-
function has been connected to a variety of human disorders
(Muller and Jacobs 2010). In the hermaphroditic Caenorhabditis
elegans nervous system, serotonin also controls a number of
distinct behaviors (Schafer 2005; Chase and Koelle 2007).
Serotonin is utilized as a neurotransmitter under normal con-
ditions by seven neuron types, the sensory neuron ADF; the
interneurons AIM and RIH; the motor neurons hermaphrodite-
specific neurons (HSNs), the ventral cord motor neurons
VC4 and VC5; and the neurosecretory NSM cells (Schafer
2005; Chase and Koelle 2007). Under stress conditions,
serotonin is used by an additional neuron type, ASG (Pocock
and Hobert 2010). One of the serotonergic neurons, the
hermaphrodite-specific motor neuron, HSN, utilizes seroto-
nin to signal to vulval muscles to control egg-laying behavior
(Schafer 2005). Unlike most other neurons in the C. elegans
nervous system, the two bilaterally symmetric HSNs undergo
long-range migration. After terminating migration, they extend
their axons postembryonically in a highly stereotyped pattern
along the ventral nerve cord into the nerve ring (White et al.
1986).
The ability to easily visualize HSN migration, morphology,
serotonin expression, axon outgrowth, and functional output
(i.e., egg laying) has prompted large-scale genetic mutant
screens in which these features are disrupted (Trent et al.
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1983; Desai et al. 1988; Desai and Horvitz 1989). These mutant
analyses revealed genes that are involved in controlling mul-
tiple aspects of HSN development and function, and genes
that control only a select number of HSN features (Desai
et al. 1988) (Table 1). For example, the egl-5 HOX cluster
gene controls all known aspects of HSN development and
function, while the unc-86 POU homeobox and sem-4 Zn
finger transcription factor control serotonin expression and
axon pathfinding, but not neuronal migration (Basson and
Horvitz 1996; Sze et al. 2002). Conversely, the ham-2 Zn
finger transcription factor controls HSN migration, but not
serotonin expression (Baum et al. 1999). Migratory pheno-
types can be further genetically separated. In animals lacking
ham-2 or egl-43 (another Zn finger transcription factor) (Garriga
et al. 1993), the HSNs fail to reach their correct position in
the midbody region, while in animals lacking egl-44 (a TEF-type
transcription factor) (Wu et al. 2001) or egl-46 (another Zn
finger transcription factor) (Wu et al. 2001), HSNs migrate
beyond their normal position.
ham-3 mutants were retrieved from previous screens for
mutants affecting HSN development but the molecular lesion
in ham-3 mutants has not yet been molecularly identified
(Desai et al. 1988). ham-3 mutant animals show abnormal
HSN migration (hence “ham” for HSN abnormal migration),
an egg-laying defect and loss of serotonin antibody staining
in the HSNs (Desai et al. 1988). However, within their cell
bodies HSNs still form a characteristic hood structure in ham-3
mutants, a sign of morphological maturation (Desai et al. 1988).
Axon pathfinding could not be examined due to the loss of
serotonin staining (and resulting loss of the ability to visualize
axons) in the HSNs. No other mutant isolated from previous
screens showed a similar combination of phenotypes (Table 1),
which prompted our interest in studying ham-3 in more detail.
Phenotypic analysis of ham-3 mutants reveals
neuronal defects
As a first step to a more detailed analysis of ham-3(n1654)
mutant animals, we focused on the lack of serotonin anti-
body staining in the HSNs of ham-3 mutants that has been
previously reported (Desai et al. 1988). Such a phenotype
could be due to loss of expression of the rate limiting enzyme
in the biosynthesis of serotonin, tryptophan hydroxylase,
encoded by the tph-1 locus in C. elegans (Sze et al. 2000).
We examined the expression of a tph-1::gfp reporter gene in
ham-3mutant animals and found tph-1::gfp expression to be
severely affected (Figure 1). Expression was affected only in
the HSNs, not in any other tph-1-expressing cell.
We next examined whether the expression of other
components of the pathway required for synthesis and trans-
port of serotonin were also affected (this pathway is shown in
Figure 1A). We examined the expression of bas-1, which codes
for the aromatic amino acid decarboxylase that converts the
TPH-1 product 5-hydroxytryptophan to serotonin (Hare and
Loer 2004), the cat-4 gene, which is required to generate
a co-factor for TPH-1, and the vesicular monoamine transporter
encoded by cat-1 (Duerr et al. 1999) (note that the serotonin
reuptake transporter mod-5 is not expressed in HSN) (Jafari
et al. 2011). We found that expression of the entire serotonin
pathway is strongly affected in the HSNs of ham-3(n1654)
mutants (Figure 1, B and D). Expression of these genes in
other serotonergic neurons is not affected (Figure 1B).
Given the striking defects in neurotransmitter synthesis
and transport, we next examined whether other signaling
features not directly related to the serotonin pathway, such
as components of the machinery required for neuropeptide
signaling, are affected by ham-3. The HSNs are known to
express several neuropeptides and the machinery involved
in neuropeptide release (Li and Kim 2008). Specifically, we
examined expression of the ida-1 gene, a phosphatase that is
involved in neuropeptidergic dense core vesicle biology
(Zahn et al. 2001). We found that ida-1 expression is largely
unaffected in ham-3(n1654) mutants (Figure 1, C and D).
This is not because there is residual ham-3 activity in n1654
animals; n1654 is a null allele, as we will show below.
We next examined the HSN migration defects in ham-3
mutants. Abnormal HSN migration patterns are already ap-
parent in ham-3(n1654) animals that still maintain expression
of serotonin pathway genes, as previously reported (Desai
et al. 1988), but the migratory patterns of the cells not ex-
pressing serotonin have not previously been examined. Since
ida-1 expression was unaffected in ham-3 mutant animals,
we used ida-1::gfp-labeled animals to precisely score HSN
migration. We find severe migration defects, with either one
or both HSNs failing to migrate properly to their final position

















Completing migration 2 2 + + + + 2 2
Terminating migration ? ? 2 2 + + ? 2
Axonal pathfinding 2 2 2 2 2 2 + 2
Expressing serotonin 2 + 2 2 2 2 + 2
Hood formation 2 + + + 2 2 + +
Sex-specific survival 2 + + + + + + ?
2, defective; +, like wild type; ?, not examined; HOX, Hox transcription factor; Zn, zinc finger transcription factor; POU-HD, POU homeodomain transcription factor. All data
shown here is from Desai et al. 1988 with the exception of the ham-3 axon pathfinding defects, which are described in this paper for the first time and with the exception of
ham-2, which was originally reported to affect serotonin expression (Desai et al. 1988); closer inspection revealed this not to be the case (Baum et al. 1999). Not shown is
another transcription factor, zag-1, with mutant phenotypes very similar to that of unc-86 and sem-4 (Clark and Chiu 2003).





near the vulva. Mismigrated HSNs tend to stop in specific zones
in the posterior of the animal, with the majority (!40% of
HSNs) prematurely terminating migration between the post-
deirid and the vulva (Figure 2, A and C). Overall, 94% of mutant
animals examined show a migration defect in at least one
HSN (n = 70).
The intact expression of ida-1::gfp expression in ham-3
mutants also enabled us to score HSN axon pathfinding,
a feature that has not previously been examined in ham-3
mutants. We find a number of distinct defects in axon migra-
tion. In the most extreme cases, the axon appears to wander
back and forth in search of the vulva, never reaching its tar-
get. In other cases, the axon fails to proceed ventrally from
the HSN cell body and does not synapse onto the vulval
muscles, instead proceeding directly to the nerve ring. Over-
all, we find that 34% of ham-3(n1654) mutant animals pos-
sess HSN axons that fail to reach their synaptic targets in the
vulval muscles. Once in the ventral nerve cord, HSN axons
make frequent errors in respecting the midline structure. A total
of 30% of animals (n = 86) show axons that have aberrantly
crossed the midline (Figure 2B). Cell migration and axonal
defects are not obligatorily linked. Of the 47 cases where we
found HSNs to have migrated correctly, seven HSNs still make
axon pathfinding errors.
ida-1::gfp also labels the VC class of ventral cord motor
neurons, two of which (VC4 and VC5) are serotonergic. A
total of 43% of ham-3 mutant animals show fasciculation
defects of the VC neurons (n= 141; wild-type animals never
show this defect; n= 102). Axon guidance defects of ventral
nerve cord interneurons have also been detected upon reduction
of ham-3 by RNAi in a chromosome-wide RNAi screen (Schmitz
et al. 2007).
Three other neuronal cell types undergo long-range migra-
tions in C. elegans, namely the CAN and ALM neurons (which
migrate embryonically) and the Q neuroblasts (which migrate
postembryonically). After terminating migration, the Q neu-
roblasts will generate touch receptor neurons. We find that
ham-3 affects CAN cell migration, as assessed with a kal-1::
gfp reporter transgene. In 53% of animals, we observe CAN
cells with overmigration defects, (n = 94) while only 12%
of control animals show this defect (n = 107). This over-
migration of the CAN is correlated with HSN mismigration
in ham-3(n1654); kal-1::gfp animals, but the converse is not
necessarily true. While all of the scoreable animals with a CAN
that migrate past the vulva also show defects in HSN migra-
tion, only 80% (61/76) of animals with mismigrated HSNs
also show CANmigration defects. In contrast to the embryonic
CAN and HSN migration defects, the postembryonic migration
of the Q neuroblasts is not affected, as assessed with a mec-3::
gfp reporter transgene that visualizes the ALM and AVM and
PVM, the touch neuron descendants of the Q neuroblasts.
We also examined whether ham-3 may affect the develop-
ment of the HSN sister cell, the PHB sensory neuron. The de-
velopment of this neuron is affected in another ham mutant,
ham-1, which is required for asymmetric cell division (Guenther
and Garriga 1996). Through dye filling and examining the
expression of ida-1::gfp, we find that PHB neurons appear
normal in ham-3 mutants (n = 25).
ham-3 encodes an ortholog of the BAF60 subunit
of the SWI/SNF chromatin remodeling complex
ham-3(n1654) was mapped by conventional three-factor
mapping between unc-32 and dpy-18 on LGIII, which corre-
sponds to a 2.5-Mb physical interval. Whole genome sequencing
and ensuing sequence analysis using MAQGene (Bigelow et al.
Figure 1 ham-3 affects expression of the entire serotonin pathway. (A)
Schematic representation of the serotonin biosynthetic pathway. (B) HSN
expression of tph-1, cat-1, cat-4, and bas-1 reporters are affected in ham-
3(n1654) mutants. Yellow arrowheads point to the serotonergic HSNs
and white arrowhead point to the dopaminergic PDE neurons, which
are also labeled with several of the markers used. (C) Expression of an
ida-1 reporter construct is unaffected in ham-3(n1654) animals. (D) Quan-
tification of defects. Error bars are 95% confidence interval of the pro-
portion. Sample sizes range from n = 32 to n = 124. See File S1 for
information on transgenes.




2009) revealed only two sequence variants in this interval
that are predicted to change protein coding sequences, a non-
sense mutation in ZK1128.5 (previously called tag-246 or
swsn-2.1) (Figure 3A), and a missense mutation in bbs-5.
Animals carrying a deletion allele of ZK1128.5, tm3309
(kindly provided by Shohei Mitani, Tokyo Women’s Medical
University School of Medicine, Tokyo, Japan), display a sim-
ilar HSN phenotype as ham-3(n1654) mutant animals (sup-
porting information, Table S1). RNAi of ZK1128.5 also
produced a ham-3 like phenotype (30% of tph-1::gfp-expressing
animals show amigration defect, compared to 11% of wild-type
controls; n = 33 and 124, respectively). Moreover, the sero-
tonin-deficient phenotype of ham-3(n1654) mutant animals
can be rescued with a fosmid, WRM0626dF04, that covers
ZK1128.5, but not bbs-5 (Table S1). We conclude that
ZK1128.5/tag-246/swsn-2.1 corresponds to ham-3.
ham-3 is one of two C. elegans orthologs of human BAF60
proteins (Figure 3B). Humans contain three BAF60 paralogs,
BAF60a, -b, and -c. BAF60 proteins are a component of an
ATP-dependent chromatin remodeling complex, called SWI/
SNF in yeast or BAF in vertebrates (Wang et al. 1996; Yoo
and Crabtree 2009). This complex mobilizes nucleosomes
both by sliding and by catalyzing the ejection and insertion
of histone octamers (Wilson and Roberts 2011). A reconsti-
tuted human complex lacking the BAF60 subunit shows full
remodeling activity, suggesting that BAF60 is not essential
for the core remodeling function of the BAF complex (Phelan
et al. 1999). Rather, based on its physical interaction with
various transcription factors, the BAF60 subunit is thought
to be involved in the recruitment of the BAF complex to spe-
cific transcription factors (Sudarsanam and Winston 2000). In
vertebrates, the three BAF60 homologs, BAF60a, BAF60b, and
BAF60c, are each tissue-specifically expressed (Wang et al.
1996). No germline knockout of any BAF60 gene has been
described in vertebrates, but RNAi of BAF60c affects heart
development (Lickert et al. 2004). The fly BAF60 ortholog
Bap60 is a haploinsufficient, essential gene, since the elimi-
nation a single copy of the locus results in lethality, but the
cause of lethality is not known (Moller et al. 2005).
The early stop codon of ham-3(n1654) animals suggests
that the allele is a molecular null allele. At 15! and 20!, both
ham-3(n1654) and the deletion allele ham-3(tm3309) are
Figure 2 HSN migration and axon
pathfinding in ham-3mutants. HSN
migration and axon pathfinding
were scored with an ida-1::gfp
transgene in ham-3(n1654) mu-
tant animals. Images in A and B
are inverted to sharpen the con-
trast for viewing axons. (A) HSN
migration. Lateral view of an adult
in the midbody region around the
vulva. Red arrowheads indicate
HSN cell body. Insets depict sche-
matized HSN axon migration
path. Note the aberrant position
of the HSN cell body relative to
the indicated vulva. (B) HSN axon
pathfinding along midline. Ventral
view of an adult in the midbody
region. Red arrowheads indicate
HSN cell body. Red arrow indi-
cates HSN axon joining the left
ventral nerve cord (VNC) in wild-
type animals and aberrantly join-
ing the opposite VNC fascicle in
ham-3(n1654) animals. Insets de-
pict schematized HSN axon path.
(C) Quantification of migration
defects. A schematic of the poste-
rior half of a worm is shown, par-
titioned by region. The cell body
left position (HSNL) and right po-
sition (HSNR) were scored in wild-
type and ham-3(n1654) mutant
animals and the number of HSNL
or HSNR in any of the indicated
regions is shown.
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viable and display roughly similar HSN phenotypes (Table
S1). However, we find that when shifted to 25! at any time
in their life cycle, both ham-3(n1654) and ham-3(tm3309)
animals will die within a few hours for unknown reasons.
This argues that ham-3 is required for viability only under
specific circumstances. In other words, ham-3 somehow buf-
fers animals from what is an apparently detrimental effect of
elevated temperatures.
Like vertebrates, but unlike flies, the C. elegans genome con-
tains more than one BAF60 ortholog (Figure 3B). The ham-3
paralog, swsn-2.2, is located on a different chromosome and its
protein product is 66.8% identical in amino acid sequence to
HAM-3. The degree of similarity between the ham-3 and
swsn-2.2 paralogs is comparable to the similarity between hu-
man BAF60 paralogs (BAF60a vs. BAF60b: 59.8% identical;
BAF60b vs. BAF60c: 60.4% identical). The ham-3 and swsn-2.2
paralogs are not orthologs of specific BAF60 subunits but have
duplicated independently of the duplication in the vertebrate
lineage (Figure 3B).
There are two very distant relatives of the ham-3 and swsn-
2.2 genes in the C. elegans genome. One is the uncharacterized
T24G10.2 gene, which is the only other gene in the C. elegans
genome besides ham-3 and swsn-2.2 that contains a SWIB
domain (for SWI/SNF complex B; IPR019835), an ancient
chromatin-associated domain of unknown function. However,
T24G10.2 has acquired an additional domain, a DEK–C-terminal
domain (IPR014876) and this domain combination is unique to
flies and worms. The other distant ham-3/swsn-2.2 homolog
is the K03B8.4 gene, which codes for small protein of 96
amino acids (HAM-3 and SWSN-2.2 are .400 amino acids)
that shows high sequence homology to the C-terminal ends
of HAM-3 and SWSN-2.2, past the respective SWIB domains.
K03B8.4 orthologs cannot be found in other currently se-
quenced nematode genome sequences and the gene may
be a remnant of a C. elegans-specific partial gene duplication
event. We conclude that based on sequence relation ham-3
and swsn-2.2 are likely the only genes in the C. elegans
genome that act as BAF60-like BAF complex components.
The ham-3 paralog swsn-2.2 is an essential gene
The ham-3 paralog swsn-2.2 has not been characterized to
date. We obtained a deletion allele of swsn-2.2, ok3161,
from the C. elegans knockout consortium. ok3161 eliminates
most of the gene (Figure 3A). Animals carrying this allele
are not homozygous viable. The swsn-2.2(ok3161) lethality
can be rescued with a segment of genomic DNA that con-
tains exclusively the swsn-2.2 locus (construct shown in
Figure 3A). Null mutant animals that have not received the
extrachromosomal array from their parents arrest at the first
larval stage for unknown reasons. The HSNs have normally
migrated in these arrested animals. Since serotonin pathway
genes are not normally expressed at this time point in the
HSNs, we could not easily assess serotonergic differentiation
of the HSNs in these mutant animals. swsn-2.2(RNAi) does
not result in HSN phenotypes and swsn-2.2(RNAi) in a
ham-3(n1654) mutant background does not enhance the
ham-3(n1654) HSN phenotypes in a notable manner.
The two BAF60 orthologs ham-3 and swsn-2.2
are broadly expressed
To compare ham-3 expression with the tissue-specific ex-
pression pattern of BAF60 paralogs in vertebrates (Wang
et al. 1996) and in flies, where Bap60 expression is restricted
to the ventral nerve cord and the brain (Moller et al. 2005),
we generated reporter constructs for ham-3 and its paralog,
swsn-2.2. Both constructs are translational fusions in which
the entire intergenic region and all exons and introns are
fused to a gfp reporter (Figure 3A). Expression patterns of
each reporter were similar over three independent lines. By
crossing one line each into ham-3 or swsn-2.2 mutant back-
grounds, respectively, we confirmed that each reporter line
rescues the respective mutant phenotype.
ham-3::gfp animals show broad gfp expression starting at
gastrulation and persisting through larval and adult stages
(Figure 3C) in what appear to be all cells of the worm, in-
cluding HSNs. swsn-2.2::mChOpti expression also commen-
ces at gastrulation (Figure 3C), but its expression appears
more restricted. In the first larval stage, expression can be
observed in all tissues (including HSNs) with the prominent
exception of the intestine (Figure 3C). Expression of swsn-
2.2::mChOpti fades during larval stages and is no longer
observed in adult animals (Figure 3C).
Comparing phenotypes of C. elegans SWI/SNF mutants
C. elegans homologs of several core components of the SWI/
SNF complex were previously analyzed in C. elegans and
shown to be required for asymmetric cell division, gonad
and vulval development, and early embryonic morphogene-
sis (Sawa et al. 2000; Cui et al. 2004; Shibata et al. 2012).
Complete removal of core SWI/SNF complex components
(psa-4/Brahma, psa-1/Moira/BAF155, snfc-5/BAF47, swsn-
6/BAF53, swsn-3/BAF57) results in sterility or embryonic
lethality. Viable, hypomorphic alleles of the Brahma/Brg1
homolog psa-4 or the BAF155/SRG3/Moira homolog psa-1
Figure 3 The C. elegans genome encodes two broadly but differentially expressed BAF60/Bap60 orthologs. (A) The ham-3 and swsn-2.2 loci, mutant
alleles and reporter gene constructs. Reporter constructs were generated by PCR fusion (Hobert 2002). (B) The BAF60 family in yeast, worms, flies, and
humans. The phylogenetic tree was generated at www.phylogeny.fr using default parameters. (C) Animals expressing reporter constructs. ham-3 and
swsn-2.2 reporter expression is first observed after gastrulation (top), where expression is broad. Expression of both reporters persists into the first larval
stages (middle). In the adult (bottom) expression of ham-3, but not swsn-2.2, persists. Red signals in the adult swsn-2.2 reporter worms are gut
autofluorescence. Three independent lines of each reporter construct show similar expression pattern. Sample sizes range from n = 131 to n = 204. See
File S1 for information on transgenes.
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display HSN migration defects (22–26% penetrant; n . 53),
but no significant defects in tph-1 or cat-4 expression (n .
53), possibly due to the hypomorphic activity of these genes.
swsn-7/BAF200 and let-526/BAF250 are defining compo-
nents of two different types of BAF complexes, called the PBAF
and BAF complexes, respectively (Hargreaves and Crabtree
2011). let-526/BAF250 null mutant animals die at the first
larval stage, preventing the analysis of serotonergic phenotypes
in the HSN (which is expressed only later in larval develop-
ment). However, in 4/29 let-526(gk816) arrested L1 larvae, we
observed mismigrated HSNs (marker: kal-1::gfp) and in 15/29
animals we were not able to observe kal-1-expressing HSNs,
either because the marker fails to be expressed or because kal-1-
expressing HSNs have failed to migrate out of the tail region
where they cannot be distinguished from other kal-1-express-
ing neurons. We also examined swsn-7(gk1041) homozygous
deletion mutants derived from heterozygous parents. 27% of
those animals (n = 44) show defects in HSN migration. Be-
cause of potential issues of maternal rescue and the inability to
score HSN in more detail in these mutants, a specific role of the
BAF vs. the PBAF complexes in HSN development cannot yet
be firmly concluded.
We next examined whether ham-3 mutants display three
specific non-HSN phenotypes shared by core BAF/psa hypo-
morphic alleles—a phasmid socket absent (Psa) phenotype
(Sawa et al. 2000), a Pvl phenotype (Cui et al. 2004), and
a gonad migration phenotype (Shibata et al. 2012). We find
that ham-3(n1654) animals only show a 1% penetrant Psa
phenotype (n = 226; wild-type animals show no such phe-
notype) (Sawa et al. 2000). This is significantly less than core
SWI/SNF components (e.g., even a hypomorphic allele of psa-
1 shows a 74% penetrant phenotype) (Sawa et al. 2000). Like
psa-1 and psa-4 mutants, ham-3(n1654) mutants also display
a Pvl phenotype (26%; n = 107), but again to a lesser degree
(psa-1 mutants display a 100% penetrant Pvl phenotype; Cui
et al. 2004). In addition, ham-3(n1654)mutants show abnor-
mal folding and/or overmigration of the gonad arms (18 and
47%, respectively, n= 38; no such defect was observed in the
wild type, n = 28). This is comparable in penetrance to the
previously reported psa-1 phenotype (52% penetrant; Cui
et al. 2004). However, ham-3(n1654) animals show no “miss-
ing gonad arm” phenotype previously observed upon loss of
other SWI/SNF complex components (Shibata et al. 2012).
The observation that ham-3 null mutants do not phenocopy
the complete spectrum of SWI/SNF complex components
suggests that for specific cellular functions ham-3 is not re-
quired and that its paralog swsn-2.2 may rather be a compo-
nent of the SWI/SNF complex in such instances. Given the
early larval arrest phenotype of swsn-2.2 mutants, we cannot
readily assess these postembryonic phenotypes in swsn-2.2
mutants.
ham-3 regulates the expression of transcription factors
known to be required for HSN development
To examine how ham-3 may affect HSN development, we
asked how its function relates to the function of other tran-
scription factors known to be involved in various aspects of
HSN development (Table 1). We focused on transcription
factors that have been previously shown to display either all
or a subset of the ham-3 phenotypes (Table 1): unc-86,
a Brn3-type POU homeobox gene (Finney et al. 1988);
sem-4, a Spalt/SALL-type Zn finger transcription factor (Bas-
son and Horvitz 1996); and ham-2, a member of a divergent
C2H2 Zn finger family that expanded specifically in C.ele-
gans (Baum et al. 1999; Zhang et al. 2011). unc-86 and
sem-4 are known to be required for expression of serotonin
in HSN, but not for HSN migration (Desai et al. 1988; Basson
and Horvitz 1996; Sze et al. 2002), and ham-2 is known to
be required for HSN migration, but not serotonin pathway
expression (Baum et al. 1999). We find that the expression
of sem-4 and ham-2 expression is strongly defective in the
HSNs of ham-3(n1654) mutants, while unc-86 expression is
barely affected (Figure 4, A–C). These results suggest that
the specific phenotypes of ham-3 mutants may be explained
through the loss of expression of the two Zn finger transcrip-
tion factors ham-2 and sem-4.
BAF complexes are recruited to DNA via association with
specific transcription factors. The respective BAF60 subunit
present in the BAF complex appears to be a commonly
employed recruiter via its direct interaction with specific
transcription factors (Ito et al. 2001; Hsiao et al. 2003; Debril
et al. 2004; Takeuchi et al. 2007; Li et al. 2008; Oh et al.
2008; Chen et al. 2012; Forcales et al. 2012; Gallagher
et al. 2012). Such recruitment is thought to be a prerequisite
to enable transcription or to allow access of additional trans-
acting factors (Sudarsanam and Winston 2000). The loss of
sem-4 and ham-2 expression in ham-3 mutants could be
explained by ham-3 cooperating with the egl-5 homeodomain
transcription factor, a known upstream regulator of sem-4 and
ham-2 (Baum et al. 1999). Since the spectrum of ham-3 phe-
notypes is more restricted than the spectrum of egl-5 mutants
(e.g., egl-5 affects hood formation, but ham-3 does not; Table
1), ham-3 may cooperate with egl-5 to regulate only a subset
of the egl-5 targets, such as sem-4 and ham-2, but not targets
involved in, for example, hood formation (Figure 4D). We can
also exclude the possibility that ham-3 operates upstream of
egl-5 through our observation that egl-5 expression is unaf-
fected in ham-3 mutants (data not shown).
Conclusions
BAF complexes are known to play important roles in various
cellular differentiation processes and their involvement in
several different cancers defines them as important tumor
suppressor genes (de la Serna et al. 2006; Yoo and Crabtree
2009; Hargreaves and Crabtree 2011; Wilson and Roberts
2011). One process that these complexes have not been de-
scribed as being involved in yet is the terminal differentia-
tion of specific neuronal subtypes. Our work implicates
several BAF subunits in the differentiation of a specific sub-
type of serotonergic neurons in C. elegans. A number of
sequence-specific transcription factors have been identified




in several distinct organisms that control serotonergic neu-
ron fate (Flames and Hobert 2011; Deneris and Wyler
2012), but to our knowledge, no chromatin remodeling fac-
tor has yet been implicated in serotonergic neuron develop-
ment. The role of ham-3 in HSN development is broad but
not ubiquitous. Neurotransmitter phenotype, cell migration,
and axon pathfinding are affected, but not some other signs
of morphological differentiation. Moreover, ham-3 does not
affect the serotonergic neurotransmitter phenotype of any
other serotonergic neuron class aside from HSN.
Our findings underscore the cell-type specificity of the
function of the BAF nucleosome remodeling complex. The
yeast version of the BAF complex (called SWI/SNF) is
involved in the regulation of a relatively small number of
genes (Sudarsanam and Winston 2000). In metazoans, the
specificity of BAF complex function has further increased
through the dynamic use of alternative BAF subunits (Yoo
and Crabtree 2009; Hargreaves and Crabtree 2011). For ex-
ample, in vertebrates, the BAF53 subunit is encoded by two
distinct genes, BAF53a and BAF53b. During neuronal devel-
opment, the BAF53a subunit is switched for the BAF53b sub-
unit (Lessard et al. 2007). Knocking out BAF53b does not
result in the lethality observed upon knocking out general
subunits, but results in specific dendritic patterning defects
(Wu et al. 2007). The BAF60 subunit paralogs BAF60a,
BAF60b, and BAF60c also likely have cell-type-specific func-
tions based on their distinctive expression patterns (Wang
et al. 1996) and based on the cell-type-specific assembly of
BAF complexes with different BAF60 subunits (Lickert et al.
2004; Ho et al. 2009). However, ultimate proof for cell-type-
specific functions of specific BAF60 paralogs in the form of
germline knockout that results in cell-type-specific pheno-
types has been lacking. RNAi-mediated knockdown of
BAF60c results in muscle defects, but RNAi results only in
an incomplete elimination of gene activity (Lickert et al.
2004). The fly BAF60 homolog (Bap60) has been knocked
out (resulting in lethality) (Moller et al. 2005), but this case is
not informative due to the fact that unlike vertebrates and
worms, flies only contain a single BAF60 ortholog.
Like vertebrates, C. elegans contains multiple BAF60-type
subunits that display broad, but nevertheless distinct expres-
sion patterns, pointing to tissue/time-specific function. More-
over, the genetic analysis of null mutations in one of the
homologs, ham-3, indeed demonstrates cell-type-specific func-
tions of a BAF60 subunit. First, unlike loss of core BAF complex
components (i.e., psa-4 or psa-1, the Brg1/Brm and BAF155/
BAF170 orthologs, respectively), complete loss of ham-3 does
not affect viability under standard conditions (i.e., 15! or 20!)
and ham-3 null mutant animals look morphologically grossly
normal. On a cellular level, ham-3 null mutants show defects
in the differentiation of a specific subset of serotonergic neu-
rons (HSNs), but not the differentiation of other serotonergic
Figure 4 ham-3 affects expression of the transcription factors sem-4,
unc-86, and ham-2. (A and B) sem-4, unc-86, and ham-2 reporter gene
constructs expressed in wild-type and ham-3(n1654) mutant animals.
Yellow arrowheads point to the HSN and white arrowheads point to
ham-2 expression in the vulval epithelium. See File S1 for information
on transgenes. (C) Quantification of defects. Error bars are 95% confi-
dence interval of the proportion. Sample sizes range from n = 50 to n =
75. (D) Data summary depicting the relation of ham-3 with transcriptional
regulatory events during HSN development. Arrows denote genetic
activities, not necessarily direct physical interactions. See text for details.
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neurons. On a molecular level, ham-3 null mutants show se-
lective effects on the expression of terminal differentiation
markers of HSNs. While genes involved in serotonergic neuro-
transmission are affected, a gene involved in neuropeptidergic
signaling is not. The selective phenotype of ham-3 could be
explained by ham-3 and its paralog swsn-2.2 having distinct
functions (e.g., they could recruit the BAF complex to distinct
transcription factors). Alternatively, they may act in a partially
redundant manner. Since the expression of ham-3 and swsn-2.2
do not overlap in all cells at all stages (e.g., swsn-2.2 fades in
adults while ham-3 does not), any redundancies in gene func-
tion may be at most partial.
The overall importance of the BAF complex in humans is
not only evidenced by mutations in the Snf5 subunit that lead
to childhood tumors (Wilson and Roberts 2011), but also by
the recent finding that haploinsufficiency of other BAF sub-
units result in various neurological conditions, including non-
syndromic intellectual disability, Coffin-Siris syndrome, and
Nicolaides-Baraitser syndrome (Santen et al. 2012). Under-
standing basic features of the function of this complex, in-
cluding its tissue-specific mode of action, is therefore an
important future goal.
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Table S1   Effect of different ham-3 alleles on tph-1 expression 
 
 % animals with tph-1::gfp (zdIs13) 
expression in HSNL/R  
 
n 
2 cells 1 cell 0 cells 
Wildtype 20˚C 94% 2% 4% 124 
ham-3(n1654) 15˚C  50% 44% 6% 71 
ham-3(n1654) 20˚C  39% 33% 28% 51 
ham-3(tm3309) 15˚C  32% 26% 41% 34 
ham-3(tm3309) 20˚C  6% 47% 47% 49 
ham-3(n1654), Ex line #1 20˚C 96% 4% 0% 27 
ham-3(n1654), Ex line #3 20˚C 96% 4% 0% 24 
ham-3(n1654), Ex line #6 20˚C 100% 0% 0% 27 
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CHAPTER 3: Sexually dimorphic unc-6/Netrin expression 
controls dimorphic maintenance of synaptic connectivity 
 
 





While the mechanisms underlying the generation and differentiation of sex-
specific neurons like the HSN are well-characterized, sexual dimorphisms in the core, 
sex-shared nervous system are only beginning to be understood at the same level of 
detail. The influence exerted by the sex-determination pathway, especially by the 
master transcriptional regulator tra-1, on the sex-specific nervous system has thus far 
been observed to be quite straightforward: neurons are either generated or they are not, 
and after generation their development is handled by non-dimorphic pathways. The 
work described in this chapter displays the way that tra-1 can sculpt much subtler 
sexual dimorphisms in the shared nervous system, chiefly by affecting the timing of 
genes required for the maintenance of synapses. This chapter contains investigations 
into the role that unc-6 plays in the sex-specific maintenance of a synapse between two 
sex-shared neurons, as well as how temporal expression dynamics of unc-6 are directly 
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Nervous systems display intriguing patterns of sexual dimorphisms across the animal 
kingdom, but the mechanisms that generate such dimorphisms remain poorly 
characterized. In the nematode Caenorhabditis elegans, a number of neurons present 
in both sexes are synaptically connected to one another in a sexually dimorphic manner 
as a result of sex-specific synaptic pruning and maintenance. We define here a 
mechanism for the male-specific maintenance of the synaptic connections of the 
phasmid sensory neuron PHB and its male-specific target, the sex-shared AVG 
interneuron. The two neurons are synaptically connected in juvenile stages, but the 
connection is maintained only in males. We show that the C.elegans Netrin ortholog 
unc-6, and its cognate receptor, unc-40/DCC are required for male-specific synaptic 
maintenance. The dimorphism of unc-6 activity is brought about by sex-specific 
regulation of unc-6 transcription. While unc-6 is transcribed in the AVG neurons of 
males and hermaphrodites during juvenile stages, unc-6 expression is downregulated in 
hermaphrodites during sexual maturation, but is maintained in the AVG neuron of 
males. unc-6 downregulation in hermaphrodites is conferred by the master regulator of 
hermaphrodite sexual identity, TRA-1. Failure to downregulate unc-6 in AVG of 
hermaphrodites results in the maintenance of the PHB>AVG synapse. Taken together, 
transcriptional regulation of unc-6/Netrin is required and sufficient to cell-autonomously 






Sexual dimorphisms in animal nervous systems are evident in the form of 
neurons that are present in only one sex or manifest themselves as dimorphic molecular 
or anatomical features of neurons that are present in both sexes 1. The nervous system 
of C. elegans offers the unprecedented opportunity to study sexual dimorphisms in brain 
anatomy with the resolution of single cells and synapses. Electron micrographical 
reconstructions of the connectome of the C. elegans male and hermaphrodite (a gonad-
modified female) revealed that some sex-shared neurons are wired to one another in a 
sexually dimorphic  manner2,3 to control sex-specific behavior 4. These dimorphisms can 
be readily visualized with split GFP reporter gene technology (“GRASP”)4,5. As an 
example, GRASP labeling of the male-specific, en passant synapses between the sex-
shared PHB sensory neuron and AVG interneuron are shown in Fig.1a and quantified in 
Fig.1b. The PHB>AVG synapses are present in both sexes in juvenile animals before 
sexual maturation in late larval development, but are maintained only in males (Fig.1b) 
where these neurons are required for a specific step of male mating behavior4. The 
previously reported function of Netrin/UNC-6 in synapse formation in C.elegans6-8 as 
well as in other species9,10 and the previously reported expression of unc-6 in the AVG 
neuron11 prompted us to investigate a potential impact of unc-6 on the PHB>AVG 
synaptic connection. 
We found that in unc-6 null mutants, the PHB>AVG en passant synapses are 
normally established and are indistinguishable from wild-type at the first larval stage 
(Fig.1b). This argues that unc-6 is not required for initial synaptic partner recognition, 
and, therefore, is apparently also not required for the PHB and AVG neurites to be 
placed in direct proximity to one another during the outgrowth of the PHB and AVG 
neurites during embryogenesis (such proximity is an obvious prerequisite for en passant 
synapse formation). However, by the late larval L4 stage (when synapses in wild-type 
hermaphrodites normally become pruned4), the number of male-specific synapses 
between PHB and AVG is significantly reduced in unc-6(-) males, such that their 
synaptic puncta number now come to resemble hermaphrodites (Fig.1b). Hence, unc-6 
is normally required to maintain PHB>AVG connectivity in males. We observed the 
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same PHB>AVG synaptic maintenance defects in males lacking the UNC-6 receptor, 
UNC-40/DCC (Fig.1b).  
The AVG neuron is innervated by another phasmid neuron, PHA, in a sexually 
dimorphic manner as well; however, in this case this synapse is sex-specifically 
maintained only in hermaphrodites4. This hermaphrodite-specific synapse is not 
affected in unc-6 mutants (Fig.1c), pointing to a male-specific function of unc-6.  
To investigate both the focus of action as well as the basis of the sex-specificity 
of unc-6 action, we analyzed the expression of unc-6. Previous work has defined sites 
of unc-6 expression during embryonic, larval and adult stages, but only in 
hermaphrodites11. Using a fosmid-based reporter transgene, we corroborated the 
previously reported expression of unc-6 in the AVG neuron up to early larval stages 
(Fig.2a). However, we find that expression in the AVG neurons of hermaphrodites 
begins to fade during the L3 stage and is undetectable in young adults, while 
expression is maintained in males until the adult stage. Non-dimorphic unc-6 expression 
is observed in other neuron classes, some of which maintain unc-6 expression into 
adulthood (e.g. RIF neurons), while others do not (e.g. AVA neurons). We confirmed 
sexually dimorphic unc-6 expression in AVG and its temporal dynamic using single 
molecule fluorescence in situ hybridization (smFISH)12 with unc-6 mRNA-specific 
fluorescent probes (Fig.2b).  
In contrast to the striking spatiotemporal specificity of unc-6 expression, we find 
that a fosmid reporter for the unc-40 gene, which codes for the UNC-6 receptor, is 
expressed very broadly throughout all larval stages in most if not all neurons (consistent 
with previous studies13), with no apparent sexual specificity (Fig.2c).  
The male-specific maintenance of unc-6 expression in AVG, as well as the 
requirement of unc-6 for the male-specific maintenance of the PHB>AVG connection 
prompts two questions: First, does unc-6 indeed act cell-autonomously in AVG to 
maintain the PHB>AVG synapses? Second, is unc-6 not only required for synapse 
maintenance but also sufficient to maintain (i.e. prevent elimination) of the PHB>AVG 
synapses in hermaphrodites upon ectopic expression in the AVG neuron of 
hermaphrodites? We addressed both questions by expressing unc-6 under the control 
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of the inx-18 promoter, which, in the context of the area of the tail where PHB and AVG 
synaptically connect, is exclusively expressed in the AVG neurons in a non-dimorphic 
manner 14. We find that the failure to maintain the PHB>AVG synapses in unc-6 mutant 
males is rescued by an inx-18prom::unc-6 transgene (Fig.3). Importantly, in an otherwise 
wildtype background, hermaphrodites that express the inx-18prom::unc-6 transgene and 
hence ectopically maintain unc-6 expression now aberrantly maintain the PHB>AVG 
connection (Fig.3). This argues that unc-6 acts in AVG and is alone sufficient to 
maintain the PHB>AVG connection in the hermaphrodite. 
As demonstrated by the smFISH analysis described above, male-specific 
maintenance of unc-6 expression appears to be controlled on the transcriptional level. 
We considered an involvement of the global regulator of sexual identity in C. elegans, 
the Gli-like Zn finger transcription factor TRA-1 15, which is expressed broadly 
throughout all somatic cell types in hermaphrodites, but is degraded in all somatic cells 
of the male16. To probe the function of TRA-1 in repressing unc-6 expression in 
hermaphrodites, we removed TRA-1 specifically from the AVG neurons of 
hermaphrodites, via non-sex-specific, but AVG-specific expression of the FEM-3 
protein, which normally triggers TRA-1 protein degradation only in males17. We have 
previously shown that this genetic manipulation results in a stabilization of the 
PHB>AVG synapse in hermaphrodites4. We find that TRA-1 removal by forced 
expression of FEM-3 in AVG also results in a derepression, i.e. maintenance of unc-6 
expression during later larval stages in the AVG neurons of hermaphrodites (Fig.4a).  
To test whether the effect of TRA-1 on unc-6 expression is direct, we scanned 
the unc-6 locus for TRA-1 binding sites with the TargetOrtho pipeline, a phylogenetic 
footprinting tool that allows the mapping of conserved transcription factor binding sties 
18. We identified several TRA-1 binding sites clustered in the 7th intron of the unc-6 locus 
(Fig.4b). This intron indeed contains sexually dimorphic cis-regulatory information since 
a reporter gene that contains this intron drives gfp expression in the AVG neuron in 
males, but not in hermaphrodites, thus mimicking both endogenous gene expression 
(measured with smFISH) and expression of the unc-6 fosmid reporter (Fig.4b). While 
deletion of individual sites resulted in no expression defects, simultaneous deletion of all 
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four TRA-1 binding sites results in derepression of reporter expression in the AVG 
neurons of hermaphrodites (Fig.4b).  
 As described above, unc-6 is expressed in AVG of both hermaphrodites and 
males in early larval stages till the L3 stage when tra-1-dependent downregulation in 
hermaphrodite AVG commences. How is unc-6 downregulation timed to occur 
specifically at this stage? To investage this question, we used CRISPR/Cas9-mediated 
genome engineering to tag the endogenous tra-1 locus with gfp (Fig.S1). As expected, 
we observed TRA-1 protein accumulation only in hermaphrodites, but not in males 
(Fig.4c). Moreover, TRA-1 appears to be expressed in all cells of the nervous system. 
However, TRA-1 expression in the nervous system is essentially undetectable in early 
larval stages (L1, L2) commences at the L3 stage, peaks at the L4 stage and persists 
into adulthood (Fig.4c). We conclude that upregulation of tra-1 during mid-larval stages 
counteracts the initially non-sex-specific activation of unc-6 expression specifically in 
hermaphrodites, thereby allowing the hermaphrodite-specific pruning of the PHB>AVG 
connection during late larval development. Given the onset of TRA-1 accumulation 
throughout the nervous system at the L3 stage, we also conclude that the timing of 
sexual differentiation in the nervous system is a function of temporal control of tra-1 
expression. 
 Taken together, we have revealed a novel role for the UNC-6 protein in 
maintaining synaptic connectivity in the context of sexual dimorphic synapse patterning. 
UNC-6 is not only required to maintain synaptic connectivity during sexual 
differentiation, but is also sufficient to maintain synaptic connectivity. Our previous work 
has shown that not only the PHB>AVG connection, but also a number of other sexually 
dimorphic connections arise by pruning of initially non-dimorphic synapses4. In principle, 
one could imagine two scenarios for the underlying mechanisms of synaptic pruning; 
one in which there is active removal of synapses in one sex and not the other; and 
another scenario in which synapses are inherently unstable, and are selectively 
stabilized in one sex. These scenarios are not mutually exclusive and we indeed have 
evidence that removal of synapses in one sex versus the other does involve an active 
protein degradation process (Oren-Suissa and Hobert, unpubl. data). However, the data 
presented here clearly supports the notion that the pruning mechanism is balanced by a 
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sex-specific maintenance mechanism that prevents removal of synapses and that is 
mediated by UNC-6.  
The functions of Netrin/UNC-6 in synaptic specification in the context of tail 
sensory circuit that we describe here are strikingly diverse: Previous work has 
demonstrated that UNC-6 is required in AVA to specify, during development, the 
hermaphrodite-specific PHB>AVA synapse6, but as we have shown here, in AVG, it is 
not required for innervation by PHB, but for maintenance of the synapse. In contrast, 
UNC-6 has no role in maintaining the hermaphrodite-specific innervation of AVG by 
PHA. 
A function of Netrin in postembryonic synapse maintenance has not been 
explored in other organisms yet. Given the extent of conservation of Netrin function in 
different nervous systems19, we anticipate that maintenance roles remain to be 
discovered in other organisms as well. Recent studies revealing a role of the Netrin 
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Fig.1: UNC-6/Netrin and its receptor UNC-40/DCC are required to maintain the 
PHB>AVG synaptic connections. 
a: Imaging sexually dimorphic PHB>AVG synapses with GRASP4. Each individual 
green fluorescent dot is a synaptic density, red fluorescence marks the processes of the 
connected neurons (see Methods). Quantification of this wild-type data is shown in 
panel b. 
b: Dot plots that quantify the male-specific PHB>AVG synapses (as shown in panel a) 
in wild-type, unc-6 and unc-40 animals (visualized with GRASP array otIs614 for wild-
type vs. unc-6 comparison; otEx6913 for wild-type vs. unc-40 comparison). 
Quantifications are shown as box plots, with each dot representing a single animal, the 
blue line representing the median and each black line representing the upper and lower 
quartile. Comparisons were done with the Student’s t-test (* p<0.05, ** p<0.01, *** 
p<0.001).  
c: Hermaphrodite-specific PHA>AVG synapses (visualized with otEx6347 and otIs630, 
which label synapses with iBlinc4,21) are not affected in unc-6 mutants.  
 
Fig.2: Dimorphic transcription of unc-6 in the AVG neuron. 
a: unc-6 fosmid reporter expression (otIs638; schematically shown in Fig.S1) in both 
sexes at various stages. 
b: smFISH showing unc-6 expression at different larval stages and, as control for probe 
specificity, in unc-6(ev400) mutant animals, which due to a premature stop codon and 
nonsense-mediated mRNA decay are not expected to contain unc-6 mRNA. For the box 
plot quantification, each dot represents a single animal with the number of individual 
mRNA molecules in AVG indicated. Comparisons were done with the Student’s t-test 
(*** p<0.001).  
c: Non-dimorphic, broad expression of an unc-40 fosmid reporter construct (otIs647; 
schematically shown in Fig.S1)  in the tail region of the worm (where the PHA/AVG 
synapse is generated; see Fig.1a). Expression in early stages shows no obvious 
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differences (not shown). Red arrow indicates PHB neuron (identified by dye-filling) in 
which UNC-40 is expected to function.  
 
Fig.3: unc-6 is sufficient to induce synapse maintenance. Non-dimorphic, 
constitutive expression of unc-6 under control of the inx-18prom driver (otEx6914) in 
wildtype and unc-6 mutant animals shows rescue of the unc-6 mutant synapse 
phenotype (PHB>AVG synapses, visualized with otIs614) and sufficiency of unc-6 
function. Quantifications are shown as box plots, with each dot representing a single 
animal, the blue line representing the median and each black line representing the 
upper and lower quartile. Comparisons were done with the Student’s t-test (* p<0.05, ** 
p<0.01, *** p<0.001). 
 
Fig.4: TRA-1 controls dimorphic unc-6 expression 
a: Degradation of TRA-1 specifically in the AVG neuron of hermaphrodites, via ectopic 
expression of fem-3 with the inx-18prom driver (otIs606), results in the upregulation of 
unc-6 fosmid reporter expression (otIs638). 
b: The 7th intron of unc-6 contains cis-regulatory elements sufficient for sexually 
dimorphic unc-6 expression and this dimorphic expression requires four predicted TRA-
1 binding sites.  
c: In the context of the nervous system, the gfp-tagged tra-1 locus (see Fig.S1 for 
details) produces GFP::TRA-1 exclusively in hermaphrodite neurons, beginning at the 
third larval stages. Note that in the context of the retrovesicular ganglion (RVG) 
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line #1: 33% animals (n=51) 
line #2: 59% animals (n=17) 
line #3: 43% animals (n=21) 
line #1: 79% animals (n=34) 
line #2: 42% animals (n=26) 
line #1: 2% animals (n=51) 
line #2: 11% animals (n=27) 
line #3: 11% animals (n=21) 
line #1: 64% animals (n=36) 











































































unc-6 fosmid reporter 






C. elegans mutant strains. Worms were cultivated according to standard C. elegans 
protocols 1. All strains were maintained at 20°C on nematode growth medium (NGM) 
plates seeded with the E. coli variety OP50 as a food source. Mutant alleles used in this 








DNA on Array 
OH13577 
“PHB>AVG GRASP” 
him-5(e1490) otIs614 inx-18p::NLG-1::GFP11 30ng/ul, MVC6 30ng/ul, 





him-5(e1490) otEx6913 inx-18p::NLG-1::GFP11 30ng/ul, MVC6 30ng/ul, 




him-5(e1490) otEx6347 srg-13::BirA::nrx-1 25ng/ul, inx-18p::AP::nlg-1 25 
ng/ul, unc-122::streptavidin::2xsfGFP 25 ng/ul, inx-




him-5(e1490) otIs630 srg-13::BirA::nrx-1 25ng/ul, inx-18p::AP::nlg-1 25 
ng/ul, unc-122::streptavidin::2xsfGFP 25 ng/ul, inx-






otIs614 inx-18p::NLG-1::GFP11 30ng/ul, MVC6 30ng/ul, 
MVC15 5ng/ul, inx-18p::wcherry 10ng/ul, pRF4 
50ng/ul 
otIs614 inx-18p::NLG-1::GFP11 30ng/ul, MVC6 30ng/ul, 





otEx6914 inx-18p::NLS::YFP::H2B 50 ng/uL, ttx-3p::GFP 30 
ng/uL, pBS 50 ng/uL  
otIs614 
 
inx-18p::NLG-1::GFP11 30ng/ul, MVC6 30ng/ul, 






otEx6914 inx-18p::UNC-6::SL2::NLS::YFP::H2B 50 ng/uL, ttx-






otEx6913 inx-18p::NLG-1::GFP11 30ng/ul, MVC6 30ng/ul, 
MVC15 5ng/ul, inx-18p::wcherry 10ng/ul, pRF4 
50ng/ul 
OH14850 




otEx6347 srg-13::BirA::nrx-1 25ng/ul, inx-18p::AP::nlg-1 25 
ng/ul, unc-122::streptavidin::2xsfGFP 25 ng/ul, inx-
18p::wcherry 10ng/ul, pRF4 50 ng/ul 
OH14851 
“PHA>AVG iBLINC in 
him-5(e1490); 
unc-40(e271) 
otIs630 srg-13::BirA::nrx-1 25ng/ul, inx-18p::AP::nlg-1 25 
ng/ul, unc-122::streptavidin::2xsfGFP 25 ng/ul, inx-
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unc-40” 18p::wcherry 10ng/ul, pRF4 50 ng/ul 
OH14885 
“unc-40 fosmid” 




him-8(e1489) otIs638 unc-6fosmid::SL2::NLS::YFP::H2B 10 ng/uL, ttx-
3::mCherry 3 ng/uL, OP50 genomic 100 ng/uL 
otIs638 unc-6fosmid::SL2::NLS::YFP::H2B 10 ng/uL, ttx-
3::mCherry 3 ng/uL, OP50 genomic 100 ng/uL 
OH14853 
“unc-6 fosmid with 
masculinized AVG” 
him-8(e1489) 










otEx6917 unc-6intron::GFP 10 ng/uL, pha-1(+) 3 ng/uL 
OH14911 
“unc-6 intron Δtra-1” 
pha-1(e2123);  
him-5(e1490) 
otEx6934 unc-6intron::GFP Δ1/2/3/4  10 ng/uL, pha-1(+) 3 ng/uL 
 
 
Cloning and Constructs. To generate the unc-6 fosmid reporter, the C. elegans fosmid 
WRM0637aH05 was recombineered according to the methods previously described2 
using pBALU23 to produce an unc-6::SL2::NLS::YFP::H2B containing all potential 
upstream and downstream cis-regulatory elements. The unc-40 fosmid reporter was 
generated in a similar manner using the C. elegans fosmid WRM0610bD08.  
 
To generate the unc-6 rescuing cassette, unc-6 cDNA was amplified by PCR from a 
previously-prepared cDNA library (kind gift of M Vogt) and PCR fused 3 to the 
SL2::NLS::YFP::H2B cassette from the recombineered unc-6 fosmid, resulting in an 
unc-6cDNA::SL2::NLS::YFP::H2B PCR product with a KpnI restriction site at its 5’ end 
and an EcoRI restriction site at its 3’ end. This cassette was then ligated into a 
pPD95.75 backbone in place of GFP to produce pPW1.  
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To generate the AVG-specific unc-6 rescuing construct (pPW3), an AVG-specific inx-18 
promoter with targeted deletions to enhance specificity 4 was amplified by PCR from 
pMO10 (kind gift of M. Oren-Suissa) and cloned into the multiple cloning site of pPW1 
using the restriction enzymes SphI and XmaI.  
 
The tra-1-regulated unc-6 reporter was constructed by amplifying the 7th intron of unc-6 
by PCR with primers designed to add complimentarity to the pPD95.75 backbone and 
inserted into the pPD95.75 backbone by Gibson assembly in between the PstI and 
BamHI restriction sites in the pPD95.75 multiple cloning site. PCR products were 
amplified from the resulting wildtype and mutant plasmids and injected as complex 
arrays.  
 
The tra-1 sites in the above reporter were then mutated by site-directed mutagenesis 
using the following primers (sites ordered from 5’ to 3’):  
 






















Microscopy. Worms were prepared for imaging by anaesthetization with 100 mM 
sodium azide (NaN3) and mounted on 5% agarose pads on standard glass slides. 
Imaging was performed using Nomarski, epifluorescent and scanning laser confocal 
optics. Synaptic puncta were imaged using a Zeiss LSM 780 confocal microscope. 
Synaptic zones (where neuronal processes overlapped) were imaged in stacks, and 
distinct points of fluorescence were counted individually as puncta for the purposes of 
quantification using Zeiss Zen 2012 software and/or ImageJ/FIJI 5. Non-GRASP/iBlinc 
reporters were imaged using a Zeiss Axio Imager Z.2 epifluorescent microscope and 
analyzed using Zeiss Zen 2012 software and/or FIJI.  
 
Single Molecule FISH. unc-6 probes were designed and synthesized using LGC 
Biosearch’s web-based software. Small probes complementary to the unc-6 locus were 
coupled to single fluorophores of CAL Fluor 590, a dye with a similar excitation/emission 
spectrum to the red fluorescent protein dsRed. Mixed-stage plates of him-5(e1490) 
were prepared according to methods previously described 6. After preparation, worms 
were imaged using a Zeiss Axio Imager Z.2 epifluorescent microscope and analyzed 
using Zeiss Zen 2012 software. For quantification, full z-stacks were analyzed and 
distinct points of fluorescence were counted as single RNA puncta.    
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gfp tagging of tra-1 using CRISPR/Cas9 genome engineering. In order to generate 
the gfp tagged tra-1 strain, we employed a previously described protocol 7. pDD162 was 
modified by inserting the sequence TTGTCGAGGCTCAACGTCG into the "N19" site, 
which generates an sgRNA directed at a site in the second exon of tra-1 (see Fig. S1). 
A repair construct containing the biotag::GFP::TEV::3xflag::tra-1 cassette was 
synthesized by Biomatik to produce the plasmid pM7121-1. The inserted cassette 
























atg and gcc are the first and second codons of tra-1 respectively, for an N-terminal 
fusion 
Purple is BIOTAG, the recognition sequence for BirA 
Red is GFP (black is artificial introns) 
Green is linker sequence  
Blue is the TEV site 
Tan is 3x FLAG 
 
N2 hermaphrodites were injected with the sgRNA and repair construct plasmids, as well 
as pCFJ90 (pmyo-2::mCherry) as a coinjection marker. F1s were selected using the 
coinjection marker, and their progeny were screened for insertion of the reporter 
cassette by PCR. A single insertion allele with visible GFP expression, ez72, was 
isolated from the resulting F2 progeny. Animals homozygous for the insertion allele 
develop normally into fully fertile adults with appropriate secondary sex characteristics, 
and the resulting strain was named DZ840. RNAi against gfp produces intersex 
animals, as expected from a loss of tra-1 function. 
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GFP::TRA-1 protein is observed in the same pattern as anti-TRA-1 antibody staining: 
(a) in the adult soma, expression is only observed in hermaphrodites, but not males 8; 
(b) in the germline, expression is observed in the distal end of the germline of both 
males and hermaphrodites 9; (c) in L1 stage animals, expression is observed in the 
somatic somatic 
gonadal precursors (Z1 and Z4) of both males and hermaphrodites 10. Expression in the 
nervous system during larval develoment had not previously been reported and is 
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SUPPLEMENTARY FIGURE LEGEND 
 
Fig.S1: Reporter constructs. 
a: unc-6  and unc-40 fosmid reporters used in this study. 
b: CRISPR/Cas9-mediated insertion of a LAP tag into the tra-1 locus. The resulting gfp-
tagged allele is called ez72. See Methods for construction. 
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CHAPTER 4: DISCUSSION AND CONCLUSIONS 
 
 
 Sex and gender are topics of incredible interest and debate in human society. It 
is quite common to posit innate behavioral differences between males and females, but 
separating societal influences on gendered behavior from quantifiable, biological 
influences on behavior in human research has so far been incredibly difficult. In 
contrast, model organisms offer enormous promise for the study of sexual dimorphisms 
in the nervous system without the contaminating influence of social norms, and the 
study of sex and gender in biological systems has had enormous benefits for the fields 
of genetics, neurobiology and behavioral research. Proof of the value of this research 
was provided early on, as the study of biological sex determination in Drosophila led to 
some of the first definitive proof that developmental processes are under genetic control 
in the animal kingdom (Baker and Ridge 1980).  
 The work described in this thesis concerns the manner in which the sex 
determination pathway can exert direct influence on neuronal development and 
behavior. I have explored the development of elements of both the sex-specific nervous 
system, which is directly shaped by tra-1 at the level of generation and specification, 
and of the shared nervous system, which is shaped in much more subtle ways by sex-
determination pathways. In the following sections, I will discuss some remaining 






 As far as the development of the HSN is concerned, the work of the sex 
determination pathway would appear to stop very early in the process: the HSN is born 
in both sexes, but selectively killed in the male by the action of TRA-1A (Desai 1988, 
Conradt and Horvitz 1999). In theory, HSN development then proceeds under the 
control of non-dimorphic neuronal developmental processes. However, the observation 
that the SWI/SNF chromatin remodeling complex is required for HSN maturation, 
combined with the observation that the HSN is in a type of diapause after migration, 
indicates that HSN maturation is managed in an atypical manner, and the effects of 
sexual specification on this development remain to be explored.  
 SWI/SNF complexes have been studied extensively in the context of cell cycle 
exit and the establishment of postmitotic neuronal fate in vertebrate models (Yoo and 
Crabtree 2009). The HSN, it would appear, is already a postmitotic neuron by early 
embryogenesis, and null mutations in ham-3 do not affect its specification during 
development. Rather, genetic evidence would seem to indicate that ham-3 exerts its 
effects later in development, closer to the late-larval maturation of the neuron, indicating 
that some developmental process linked to sexual maturation might recruit SWI/SNF 
complexes to work in the HSN in order to finish its development. The exact nature of the 
signal that triggers HSN terminal differentiation remains an open question, and whether 
this signal is intrinsic or extrinsic to the HSN has not even been determined. There is 
clear evidence that members of the heterochronic pathway influence the timing of HSN 
development (Olsson-Carter and Slack 2010), but whether there is a level of regulation 
above the heterochronic pathway remains to be seen. So far, multiple efforts in the 
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Hobert lab have failed to uncover either HSN-extrinsic or HSN-intrinsic maturation 
signals (Weinberg et al. unpublished) that could explain how HSN terminal development 
is established.  
 One possible source of an extrinsic maturation signal is the gonad, which finishes 
crucial steps of development in the same time frame as the HSN. Moreover, HSN 
function and gonad maturation are functionally linked, as the HSN has no purpose in the 
egg-laying system if the gonad is not producing eggs to be laid. TRA-1A has 
documented roles in regulating gonadal development (Mathies et al. 2004), so it may be 
that the SWI/SNF-mediated maturation of HSN will eventually be linked to 
postembryonic action of TRA-1A.  
 
PHB>AVG SYNAPSE DYNAMICS 
 
Pruning vs. maintenance 
 
 My work on the role of unc-6 in the maintenance of the PHB>AVG synapse was 
initially motivated by a desire to link the action of dmd-5 and dmd-11, DM-domain 
transcription factors, to specific effector genes in the male-specific maintenance of the 
PHB>AVG synapse. However, despite uncovering temporal dynamics in unc-6 
expression that seemed to match the timeframe of dmd-mediated maintenance exactly, 
I was never able to establish direct regulation of unc-6 expression by dmd-5 or dmd-11, 
despite assaying transcriptional reporters, fosmid reporters, and smFISH staining in 
dmd-5, dmd-11, and dmd-5; dmd-11 double mutant backgrounds. Nevertheless, I was 
able to establish that the male-specific persistence of unc-6 expression has direct 
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consequences for the maintenance of the PHB>AVG synapse, which would seem to 
indicate two separate mechanisms for PHB>AVG synaptic maintenance: one involving 
unc-6, and one separately regulated by dmd transcription factors.  
 These competing models of synapse maintenance might seem contradictory, but 
I believe they can be explained by a balanced forces model in which UNC-6 is required 
for maintenance in a manner that competes with active pruning of synapses. The work 
in the Hobert lab that established a maintenance role for dmd-5 and dmd-11 showed 
that these two TFs are expressed male-specifically in the AVG, and also showed that 
they are required for the prevention of PHB>AVG synaptic pruning in the male (Oren-
Suissa et al. 2016), but did not identify targets of regulation. Given the generally 
repressive nature of DM-domain transcription factors in the C. elegans nervous system, 
it seems likely that these TFs might be actively repressing some nondimorphic pruning 
machinery specifically in the male, rather than upregulating some unknown 
maintenance factor. Further evidence that the two forces of pruning and maintenance 
are acting in parallel, antagonistic pathways is the fact that neither the dmd-5 nor the 
unc-6 mutant phenotype is fully penetrant, and that overexpression of unc-6 in the 
hermaphrodite AVG is sufficient to block pruning.  
 A short series of experiments could begin to address this question. First, unc-6; 
dmd-5 double and unc-6; dmd-5; dmd-11 triple mutants could be built and assessed for 
PHB>AVG synaptic maintenance. This would address how the two systems work in 
relation to each other from a genetic perspective. Second, pharmacological agents such 
as Bortezomib, which inhibit the proteasome activity responsible for the pruning of 
synapses (Ding and Shen 2008), could be applied to unc-6 mutants. If Bortezomib or 
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other proteasome-blocking interventions were to rescue unc-6 mutant phenotypes, it 
would provide evidence that UNC-6 is merely serving to block pruning at the PHB>AVG 
synapse in males. If, on the other hand, proteasome blockade does not rescue unc-6 
mutant phenotypes, it would indicate a more active, synaptogenic role for UNC-6 at the 
synapse.  
 
Local and selective effects of UNC-6 at the PHB>AVG synapse 
 
 Another question the study described in Chapter 3 leaves somewhat 
unaddressed is the highly selective effects AVG-secreted UNC-6 appears to have on 
synaptogenesis and maintenance. UNC-6 is clearly produced in the AVG and affects 
the maintenance of the PHB>AVG synapse, yet the AVG has multiple incoming and 
outgoing synaptic connections with other neurons in the tail. As shown in Chapter 3, the 
PHA>AVG synapse is unaffected in unc-6 mutants. This is not due to differences in 
netrin receptor expression, as both PHA and PHB express unc-40, a pan-neuronal gene 
in C. elegans. Rather, the PHA>AVG synapse is likely to depend on other synaptic 
signals for its establishment and maintenance. One possible candidate is Wnt signaling, 
which has been shown to affect the organization of synapses in the tail (Poon et al. 
2008), but Slits and Semaphorins have also been shown to affect synaptic patterning, 
and worm homologs exist for both of these molecules.  
 But the PHB>AVG synapse is not the only AVG synapse affected in an unc-6 
mutant. In the course of the research described in Chapter 3, I also tested several other 
AVG synaptic reporters in unc-6 and unc-40 mutants. The AVG is presynaptic to both 
the VD13 and DA9 neurons, and unc-6 and unc-40 mutations disrupt the early 
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establishment of these synapses, which stands in contrast to the unc-6 and unc-40 
mutant phenotypes in the PHB>AVG synapse, where the synapses are established but 
fail to be maintained. This could point to a separate, early role for UNC-6 in synapse 
establishment, but it could also simply be the result of guidance defects in the 
placement of VD13 and DA9 processes during early development, as unc-6 mutants 
also show disorganization of the ventral commissures. This last question remains 
unresolved and bears further exploration.  
 
REGULATION OF unc-6 EXPRESSION IN THE AVG 
 
tra-1 and conservation 
 
 In Chapter 3, I showed evidence that the temporal dynamics of unc-6 expression 
in the AVG are directly regulated by tra-1. In a sense, this is somewhat surprising. 
Evolutionarily speaking, netrins seem to be quite ancient, given their highly conserved 
structure and function (Chisholm and Tessier-Levigne 1999). Netrins have been 
discovered in animals as far down the evolutionary tree as sea anemones, which are so 
ancient they predate the advent of true bilaterality in animal body plans (Matus et al. 
2006). In contrast, tra-1’s role as a regulator of sexual differentiation in C. elegans 
seems relatively recent, evolutionarily speaking. TRA-1 is related to the Ci/Gli-type 
transcription factors found in vertebrates and Drosophila, which are part of the Sonic 
Hedgehog (Shh) signaling pathway and have not been observed to play any role in the 
regulation of sex determination in their respective species (Zarkower and Hodgkin 
1992). This observation has led to speculation that the transcriptional components of 
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the sex determination pathway in C. elegans are very recent adaptations of the more 
ancient Shh-Ci/Gli signaling pathway, which plays a role in embryonic morphogenesis 
(Portman, 2007). This is in line with the observation that high-level transcriptional 
regulators of sexual differentiation are widely divergent across the animal kingdom and 
seem to be subject to very rapid evolution (Matson and Zarkower 2012).  
 Together, this data raises a question: when in the evolutionary history of C. 
elegans did unc-6 become a target of TRA-1? Did this regulatory relationship arise after 
tra-1 was commandeered as a regulator of sex differentiation, or was unc-6 already a 
target of TRA-1, and simply brought along as a consequence of evolution? One 
approach to answering this question would be to examine the conservation of TRA-1 
binding sites in the unc-6 locus of related nematode species and then expand the 
analysis to other, more distantly-related species in order to pinpoint when this 
adaptation arose. In the course of characterizing the regulation of unc-6 expression by 
TRA-1 (Chapter 3), I inspected the conservation of the four binding sites in the unc-6 
intron. In general, none of the four binding sites show a high degree of similarity to the 
canonical binding site identified by in vitro binding assays (Zarkower and Hodgkin 
1993), but several of the sites are conserved in multiple other nematode species. 
Interestingly, the site that demonstrated the strongest derepression phenotype when 
deleted (“Site 2”) was the least-conserved among the four binding sites. This could be 
an indication that this binding site is a very recent adaptation in the C. elegans lineage, 
but further work will have to be done in order to say for sure.  
 On the other hand, Sonic Hedgehog and Gli, which translates Shh signaling into 
transcriptional changes, have been shown to play a role in axon guidance in the 
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developing vertebrate spinal cord. Mutations in Gli2 cause a reduction in Netrin-1 
expression, but this cannot be separated from the loss of ventral floor plate cells that is 
associated with mutations in Gli2 (Charron et al. 2003). No direct regulation of netrin 
family proteins by Gli-family transcription factors has been reported, but some 
conserved regulatory link between Gli and Netrin may yet appear in future 
investigations, and would shed light on the question posed above.   
 
Initiation of unc-6 expression in the AVG 
 
 One final question that the study in Chapter 3 leaves unaddressed is the 
question of how unc-6 comes to be expressed in the AVG in the first place. Ci/Gli-type 
transcription factors have been observed to play roles in both activation and repression 
of transcription, but tra-1 is very unlikely to have a general role in the regulation of unc-6 
expression in C. elegans. First, although there is genetic evidence for TRA-1 activity 
during embryogenesis (Conradt and Horvitz 1999), tra-1 expression cannot be detected 
before the L3 stage in hermaphrodites, whereas unc-6 expression can be observed in 
embryonic through adult stages. Second, TRA-1 is degraded post-translationally in 
males, yet unc-6 expression can be observed in males and hermaphrodites.  
 A far more likely candidate gene is lin-11, which encodes a LIM homeodomain 
transcription factor that is expressed in several neurons and may act as the terminal 
selector for AVG neuron fate (Hobert et al. 1998). A number of studies have furthermore 
shown that LIM domain transcription factors play a role in axon guidance, some through 
the regulation of guidance cue receptors and ligands (Kania and Jessel 2002, Sharma 
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et al. 1998). A logical next step in the exploration of unc-6 regulation in C. elegans 
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